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o UNCUASSIFED

An engine. cycle which provides static and acceleration thrust for a high Mach
number ramjet without compromising the ramjet geometry has been analyzed to
determine engine performance and engine weight. Its weight and performance
have been compared to other engine cycles and found to offer large potential
improvements in aircraft performance. The performance analysis is based on a
detailed computer study using equilibrium chemistry of hydrogen-air reactants.
The analytical model used to predict compression performance gives results
which agree closely with experimental data. The weight analysis is based on
the structural design, design criteria and actual weights of the Hypersonic
Research Engine (HRE) which has been extensively tested in the NASA hot
structures tunnel.
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INTRODUCTION

One of the most difficult problems in designing a practical hypersonic airplane
has been integrating a static and low-speed thrust engine with the ramjet
propulsion system required for high-speed acceleration and cruise. The static
and Tow-speed acceleration engine which has been selected in the past as being
most suitable is a turbojet. A propulsion system would, however, be signifi-
cantly lighter and minimize the penalties to performance in the ramjet mode of
flight, if the necessity for a completely separate engine were eliminated and
the ramjet duct used for producing thrust at all flight speeds. The duPont Jet
Engine is such an engine.

A single ramjet duct is used for developing propulsion thrust at all flight
Mach numbers from sea-levelZstatic conditions to the highest attainable flight
speeds. At low speeds, jets of high-pressure, high-temperature air are
injected ahead of the inlet throat to mix with the propulsive airstream and
produce a total pressure rise as the flow passes through the inlet. The rise
in total pressures produces thrust. Combustion in the ramjet duct will augment
this thrust. The engine cycle is similar to a duct-burning turbofan with the
air injection process replacing the fan stage. The pressure rise due to air
injection is similar to the pressure rise obtainable from a single fan stage.

The efficient new aircraft made possible by this type of engine are quite prom-
ising. The difference between the weight of this engine and the enaines pre-
viously considered most attractive for hypersonic aircraft would be equal to or
greater than the anticipated payload of a single-stage-to-orbit aerospacepnlane
or equal to from 140 to 200 passengers in a typical high-speed transport appli-
cation. In the case of the aerospaceplane the difference in engine weight is
the difference between attaining orbit with a reasonable payload and running
out of fuel before reaching orbital velocity. In the case of the high-speed
transport the difference in engine weight produces a substantial increase in
payload and therefore reduction in unit operating cost. The lighter engines
can be located on the trailing edge of the wing, if necessary, without
unbalancing the aircraft. This location has several advantages including
reduction in boattail drag at high subsonic speeds, enabling the engines to be
placed in the wing shock pressure field even at very high flight Mach numbers,
directional stability at high Mach numbers, and elimination of pitch trim
changes and aerodynamic heating due to exhaust nozzle expansion against the aft
portions of the aircraft.

The advantages offered by this new type of engine are great enough to make it
worthwhile to perform a detailed analysis of its performance and weight so that
its impact on aircraft design can be accurately assessed. This report presents
the results of that analysis, which had three major elements: a detailed com-
puter simulation of the engine aerothermochemistry providing accurate calcula-
tions of performance at all flight conditions and power settings, a comparjsgn
of the values calculated using the analytical model of the injection and mixing
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process with available experimental data, and a detailed analysis of the engine
weight as a function of size and maximum internal pressures in the engine. The
report, after presenting a description of the engine and its method of opera-
tion, gives a detailed description and results of the analyses performed in
these three major areas, and presents the results of a comparison with four
engines selected by NASA as being typical of the engines previously proposed
for this application.
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DESCRIPTION OF DUPONT JET ENGINE

The duPont Jet Engine provides static and acceleration thrust from a hydrogen-
fueled ramjet. Thrust is produced by the rise in total pressure in the ramjet
duct obtained by injecting a heated primary airstream. The refrigeration
capacity of the hydrogen fuel is used to liquefy the primary air. A high pres-
sure is attained with very little compression work by pumping the primary air
in the liquid state. Some of the hydrogen fuel is introduced into an air pre-
heater and the primary air is heated by combustion. The hot hiqh-pressure air
is then directed to a number of small convergent-divergent nozzles and injected
supersonically in a downstream direction. The high-velocity primary airstream
mixes with the secondary engine airstream in the favorable pressure gradient
ahead of the inlet throat, inducing flow through the ramjet duct. The rise in
total pressure provides a pressure ratio for nozzle expansion and therefore
thrust when the engine is operating without forward motion of the aircraft.
When the aircraft is flying, the total pressure rise due to air injection sun-
plements the static rise due to the aircraft's forward motion.

The pressure rise obtained by injecting a primary airstream is due to the ex-
change of momentum between the fast moving primary and the slower moving secon-
dary airstreams. As the streams mix, the slower stream is accelerated and the
faster stream slowed down until, at a distance of 8 to 15 mixing tube diameters
downstream from the injection point, an essentially uniform velocity is
achieved. The mixed velocity is greater than the initial velocity of the sec-
ondary stream, and since the mixing takes place at constant or nearly constant
pressure this increased velocity is reflected in increased total pressure of
the mixed airstream. The mixing process is a very inefficient method of com-
pression compared to expanding the primary stream through a turbine and using
the turbine work to drive a compressor. However, the pressure ratio attainable
from mixing, although lower than that attainable from a gas turbine system, is
adequate for an acceleration engine. When the thrust per pound of airflow or
fuel of the duPont Jet Engine is compared with a stoichiometric turbojet cycle
or duct-burning fan cycle, the thrust efficiency although lower is still rea-
sonable. The duPont Jet Engine trades cycle efficiency for engine simplicity.

Cycle

The duPont Jet Engine operation is shown in Figure 1. The free-stream air at
station 1 is diffused to the conditions at the injection station 2 by the sec-
ondary inlet. At supersonic speeds the primary and secondary airflows pass
through a normal shock ahead of the inlet cowls. A high-pressure, high-tem-
perature, primary airstream (station 9) is injected ahead of the inlet throat.
Between the injection point and station 3, the primary and secondary airflows
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mix cau§ing a rise in total pressure over that of the secondary airflow. The
pressurized stream is diffused downstream of station 3 and enters the combustor
where the hydrogen fuel is injected and burned. Flow goes through a sonic
throat at station 4 and expands in the nozzle to station 5. F]oétinq nozzle
f]aps are used to vary the exit area during low-speed operation. The primary
a1rstre§m enters the primary inlet obtained by retracting the tip of the axi-
symmetric spike. The airflow then goes through a series of vanes which swirl
the air to centrifuge out liquid or solid water. The airstream is then dif-
fused_to the heat exchanger face and enters the air-to-hydrogen heat exchanger.
The air leaves the heat exchanger at station 6 as a Tiquid and enters the lig-
uid air pump impeller. The primary air leaves the pump impeller at a high
pressure (on the order of 1000 psia) and enters the preheater combustor where a
sma]] amount of hydrogen is burned to raise its temperature to 1800°R. The
high-pressure gas then goes through the pump turbine and is ducted to the mani-
fold that supplies the primary airflow injection nozzles at station 9.

The hydrogen fuel enters the hydrogen pump at station 10. The fuel leaves the
pump at high pressure at station 11 and enters the air-to-hydrogen heat ex-
changer. At takeoff conditions it leaves the heat exchanger at a temperature
of about 270°R at station 12. The temperature of the hydrogen at the exit of
the heat exchanger increases with free-stream total temperature. After leaving
the heat exchanger, the hydrogen temperature is further increased by cooling
the walls of the combustor and nozzle. It then enters the pump turbine at sta-
tion 13 and is expanded to drive the pump impeller. After leaving the pump
turbine at station 14 the fuel is injected into the combustion chamber and
burned.

When the inlet can be started (approximately Mach 3), the duPont Jet Engine is
converted to a conventional subsonic combustion ramjet by closing off the pri-
mary airflow inlet. At Mach 6 the enaine may be operated either as a subsonic
or a supersonic combustion ramjet. The scramjet mode used above Mach 6 is il-
lustrated by the lower half of Figure 1. In this case the fuel leaving the
pump at station 11 is bypassed to the cooled surfaces which must include the
inlet as well as the combustor and nozzle. After leaving the pump turbine at
station 14, the hydrogen is directed to the forward set of scramjet fuel injec-
tors, injected into the inlet airflow and burned in the inlet throat. The
region of minimum inlet throat area serves as the combustor, and the entire aft
portion of the engine serves as the nozzle.

The duPont Jet Engine obtains superior performance over other ejector ramjet
schemes because the primary flow can be injected at conditions which produce
the highest possible pressure ratios at the end of mixing. The transiating

-axisymmetric spike permits the inlet throat area to be adjusted to that value

which aives the best performance. Combustion takes place after mixing and
diffusion to reduce combustor total pressure loss.

In order to get the maximum flow through the fixed nozzle throat, a mixture
ratio higher than stoichiometric may be used. During low-speed operation a
rich mixture increases the amount of primary air liguefied in direct proportion
to the fuel flow, but the exhaust nozzle Timits the total flow in a manner
which increases the relative fraction of primary airflow and therefore the en-
gine pressure ratio. It has a slight secondary effect of cooling the exhaust
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products which also reduces the throat area required to pass a given flow.
Otherwise the fixed nozzle will 1imit the airflow in the engine at any fuel-to-
air ratio in the conventional manner. At constant fuel flow, the duPont Jet
Engine compression process has a characteristic similar to a conventional rota-
ting compressor. The pressure ratio will rise at reduced total mass flow due
to a relatively larger fraction of primary airflow. This characteristic en-
ables the engine to handle inlet distortion and to be throttled smoothly with a
fixed nozzle throat area.

Performance of the engine can be calculated by conventional ramjet methods once
the conditions at the inlet throat are known. Conditions at the inlet throat
are computed from the conditions at the injection station. Conditions at the
injection station are a function of freestream and primary flow conditions.
Conditions in the primary stream are determined by the total fuel flow, the
mass of air that can be liquefied per unit mass of fuel, the temperature
reached by the primary air as a result of preheater combustion, and the total
pressure required to pass the primary flow through the throat areas of the pri-
mary injection nozzles. A one-dimensional mixing analysis has been used to
calculate the flow conditions at the inlet throat.

The over-all cycle is very similar to a duct-burning fan with the injector mix-
ing replacing the fan compression part of the cycle. The achievable pressure
ratios are of the same order as those achieved by a single stage fan.

Component Description

The ramjet duct comprises the inlet, diffuser, combustor and nozzle. The com-
bustor and nozzle must always be regeneratively cooled by the hydrogen fuel.

At higher speeds the inlet must be regeneratively cooled as well in order to
protect the structure against the severe aerodynamic heating encountered in
high-speed flight. The energy to run the hydrogen fuel pump is obtained by us-
ing hot hydrogen from the regenerative cooling system and expanding it through
a turbine which drives the pump impeller. If necessary this tvpe of turbine
can be used to generate electric and hydraulic power for the aircraft subsys-
tems. Except for the energy that may be delivered to the aircraft subsystems
in the form of electrical or hydraulic energy, all heat absorbed by the fuel in
the regenerative cooling system is returned to the cycle as the fuel is in-
jected into the ramjet duct. The energy transferred to the liquid air during
the pumping process is returned to the cycle as the air is injected. The aero-
dynamic functions and the design requirements of the different sections of the
ramjet duct are described below.

Inlet. - The ramjet inlet must diffuse the air from free-stream conditions to
the inlet throat at conditions which are compatible with the combustor and
nozzle operation. If the ramjet is designed for operation at supersonic or
hypersonic speeds, the inlet will have an appreciable contraction ratio. This
contraction ratio, or diminishing of the stream tube area as the flow ap-
proaches the throat, diffuses the supersonic airstream to a lower supersonic

6
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Mach number. Experimental and analytical results indicate that the pressure
recovery of such a supersonic inlet increases linearly with contraction ratio,
so for greatest efficiency a subsonic combustion ramjet requires the highest
attainable contraction ratio and a variable exit nozzle throat to match it.

In supersonic combustion, which is the most efficient mode of operation at and
above Mach 8, higher contraction ratios give better performance until either
the inlet or combustor reaches the choking 1imit or, in the case of very high

Mach numbers, dissociation losses overcome the benefits of increased compres-
sion.

For compatibility with duPont Jet Engine operation at sea-level-static and at
low flight speeds, it is desirable to have some internal contraction to approx-
imate a bell mouth inlet with Tow Mach numbers at the entrance. The low Mach
numbers 1imit pressure losses due to a sharp lip. High-pressure recoveries can
be achieved under these conditions with an internal contraction ratio between 2
and 3. The same type of internal contraction is also necessary to obtain a
high over-all contraction at high Mach numbers without excessive external turn-
ing. The inlet that meets these requirements and gives qood engine performance
is one with an over-all geometric contraction, Ac/A,, of 10 to 20 or more with
an internal contraction ratio of approximately 3. Inlet turning must be gentle
to keep the strength of each successive compression wave low enough to prevent
boundary layer separation. A practical design constraint for engines that fly
faster than approximately Mach 4 is that the inlet be closed off when the en-
gine is not in use to protect the internal surfaces from aerodynamic heating.
To obtain more thrust at low speeds, it is desirable to open the inlet throat
as much as possible to maximize the engine airflow. The physical contraction

ratio, Ac/A;, may be reduced to approximately 4 at low speeds to improve thrust,

Complete mixing between the primary and secondary streams requires a mixing
length of 8 to 15 hydraulic diameters. The normal shock train after supersonic
diffusion also requires 8 or more hydraulic diameters for best pressure recov-
ery. Therefore the hydraulic diameter of the throat should be as small as pos-
sible to minimize engine length. Minimizing hydraulic diameter may be accom-
plished by increasing the lateral dimension of the throat as in an axisymmetric
spike inlet which permits wall injection, or by means of struts which inject
the primary stream at many points in the center of the secondary stream.

There should be some smoothly curved, forward facing surface on the external
cowl where spillage drag can be recovered at subsonic and transonic speeds.
The initial inlet cone or wedge angle should be as small as possible to mini-
mize spillage drag when the inlet is started and spilling supersonically.

An inlet that meets all of these design requirements is an axisymmetric mixed-
compression inlet with a drooped cowl and a translating spike such as that
shown in Figure 1. Spike translation permits complete closure of the inlet and
a variable contraction ratio. Translation also permits starting the inlet.
Figure 2 shows a typical curve of geometric contraction, Ac/A,, versus spike
translation. A three-dimensional fixed geometry inlet with multistrut injec-
tion will meet many of the requirements such as a reasonable internal contrac-
tion and self-starting with fixed geometry. The problems of fixed geometry
that will have to be overcome to use this type of inlet efficiently are closure
of the inlet when the engine is not operating to protect the engine should fuel

7
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flow be interrupted at high speed and the desirability of increasing the
throat area to achieve more thrust at low speeds. Closure doors and variable
geometry struts might make both forms of inlet functionally equivalent. Swept-

chk struts will give some decrease in low-speed contraction ratio even with
fixed geometry.

Diffuser. - During subsonic combustion the diffuser section slows the air from
the throat condition to conditions for combustion. The diffusion process re-
quires a diverging stream tube area. During supersonic combustion the diffuser
section can also serve as the beginning of the nozzle since ideally supersonic
combustion should take place in a constant area duct at the area of maximum
contraction. At lower flight speeds, when constant area combustion would choke
the inlet throat combustor, a diverging area or even staged combustion is nec-
essary.

The diffuser section to meet these requirements should begin with constant area
or nearly constant area followed by a gentle divergence such as would be pro-
duced by a six-dearee half-angle conical surface. The length should be suffi-
cient to contain the normal shock train and to provide a suitable length for
supersonic combustion. Between 8 and 12 hydraulic diameters are necessary to
do this.

Combustor. - The combustor section must be long enough to complete the combus-
tion process for subsonic combustion and large enough in cross section to per-
mit a Tow combustor entrance Mach number to reduce Rayleigh losses and permit
completion of combustion at a reasonable subsonic Mach number. A step must be
provided as a flame holder during low-speed operation. The blunt end of the
inlet spike skirt is adequate for this purpose.

Nozzle throat. - A sonic nozzle throat must be provided for the subsonic com-
bustion mode of operation. The area reduction must be large enough to choke
the flow during subsonic combustion, but not so large as to seriously degrade
nozzle performance in the supersonic combustion mode. The larger the ratio of
combustor to nozzle throat area the greater will be local supersonic diffusion
in the nozzle throat and the greater will be the loss in nozzle efficiency in
the supersonic combustion mode. In this mode both the combustor and the nozzle
can be considered the engine nozzle.

Expansion nozzle. - Downstream of the throat the stream tube diverges to form
the expansion section of the convergent-divergent nozzle. At high Mach numbers
this area should be as large as possible to maximize internal performance. In
axisymmetric pod installations a trade-off is made between internal performance
and external drag that will determine the ratio of nozzle exit area to cowl
area. This trade-off usually produces an area ratio between: 1.5 and 2.0. At
subsonic and transonic speeds the ideal nozzle exit area is very close to the
choked area in the throat. Therefore, some means must be employed at low
speeds to decrease the exit area. The standard solution to this problem on
axisymmetric engines consists of hinged nozzle flaps to balance the external
and internal pressures and to optimize the losses between external boattail
drag and internal overexpansion losses. Typically the exit area must be re-
duced to the order of the cowl area to get the overexpansion losses down to a
reasonable value.
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Primary Air System

The primary air system consists of a primary air inlet that can be closed off
when not in use, a diffuser for the incoming air with provisions for separating
out liquid water, a precooler heat exchanger, a condenser, a liquid air pump, a
preheater combustor, and air injection manifolds and nozzles.

Inlet. - The inlet for the primary air system must match the characteristics of
the secondary airflow and be capable of smooth closure when the primary air
system is not in use. Pressure recovery of the primary inlet is only important
as it affects flow characteristics. A normal shock inlet appears to be satis-
factory. One example of a primary air inlet could be that formed when the tip
section of the inlet spike of an axisymmetric inlet is partially retracted into
the downstream section as shown in Figure 1. Another could be a separate two-
dimensional inlet located in the adjacent airframe in the case of a two-dimen-
sional engine installation.

Diffuser. - The inlet diffuser must slow the incoming air to the velocity at
the heat exchanger face. The desired velocity at the heat exchanger face is on
the order of Mach 0.03 to Mach 0.07. It is desirable to introduce swirl into
the flow and then deswirl it before it enters the diffuser section to remove
Tiquid or solid water in the primary airstream and reduce heat exchanger foul-
ing.

Precooler. - The precooler portion of the heat exchanger cools the air to the
temperature where air condenses. The maximum hydrogen temperature on the cold
side of the heat exchanger is approximately 270°R during operation at condi-
tions where there is a large atmospheric moisture content, so that moisture
will tend to be solidified before contact with the heat exchanger core. Two
possible core configurations--tubular matrix, and plate-and-offset-fin--appear
satisfactory at this time. The tubular matrix is better for anti-fouling but
requires more volume. A solution to fouling is to use several cores so that at
least one is redundant. Each core may be taken out of service and heated peri-
odically to clear it. This method is standard practice in portable liquid oxy-
gen plants. The plate-fin heat exchanger's compactness makes this solution
possible, and, therefore, the plate-fin confiquration was selected as the most
practical. Preliminary sizing studies indicate that it is possible to packaae
the heat exchanger system within the spike of an axisymmetric inlet.

Condenser. - The condenser is either a tubular or plate-fin heat exchanger with
catalysts in the headers to reduce the time required to convert the parahydro-
gen coming from the pump to an equilibrium mixture of orthohydrogen and parahy-
drogen at the condenser exit conditions. The terms ortho- and para- reflect
the direction of spin of the atoms in a hydrogen molecule. Energy is required
to change the spin from the para to the ortho condition, and this change in-
creases the heat absorbed by the hydrogen and thereby its capacity to liquefy
air. Liquid hydrogen must be stored in the para condition to prevent boiloff
due to heat released in converting from the ortho to the para condition.

10
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Liquid air pump. - The liquid air pump consists of a single-stage impeller
driven by the heated primary air just prior to injection. The air turbine is
preferred over a hydrogen turbine from a safety point of view since a cata-
strophic reaction would not occur if the induced and driving fluids came into
contact with each other. Use of preheated air to drive the turbine increases
the heat sink available in the hydrogen fuel over a system that uses a hydrogen
expansion turbine.

Combustor. - A preheater combustor is used to burn some of the hydrogen fuel
with the liquid air. Because the air is under such high pressure, the combus-
tor is very small. The temperature leaving the combustor is on the order of
1800°R. This temperature is similar to the maximum fuel temperatures in the
regeneratively cooled surfaces, and is close to the optimum temperature for
maximum engine pressure ratio. Although the velocity of the primary stream and
therefore the mixed velocity may be increased by additional temperature, the
entropy production due to equalizing the temperatures in the primary and sec-
ondary streams during mixing increases with the temperature difference so that
the engine pressure ratio as a function of primary stream total temperature de-
clines at higher temperatures.

Injection nozzles. - The vitiated air from the preheater combustor enters a
manifold which distributes it to a series of small convergent-divergent nozzles
located on the wall or walls of the ramjet duct approximately 8 to 15 hydraulic
diameters ahead of the minimum inlet throat area station. These nozzles inject
the flow downstream at a slight angle outward so that the primary flow can
penetrate and mix with the secondary airstream. The dimension of each nozzle
is small compared to the dimension of the ramjet inlet throat, so that the noz-
zles are very similar to the fuel injection nozzles used for supersonic combus-
tion. ‘

Engine Subsystems

The engine, in addition to the ramjet duct and the primary air system, contains
the following ramjet subsystems:

Inlet spike actuation system. - The inlet spike is positioned by multiple hy-
draulic cylinders in the case of an axisymmetric installation. Hydraulic actu-
ation is preferred over pneumatic or electric because of its resistance to
oscillation and its capability of handling large loads with rapid and precise
positioning. The forward portion of the spike uses a single cylinder.

Fuel pump. - The fuel pump is a bootstrap turbopump with a single-stage cen-
trifugal impeller driven by a single-stage axial turbine. The turbine is
driven by hot hydrogen from the regenerative cooling system, giving the system
its designation as bootstrap. A safety advantage of this kind of system is
that almost any conceivable failure or leak in the fuel system tends to deny
fuel to the turbine and to shut the engine down by slowing the delivery of
fuel. Pump rotation is started simply by letting fuel trickle into the coq1ing
system. The boiling hydrogen will start turning the fuel pump turbine, which
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will pump fuel into the heat exchanger and primary and engine combustors. The
engine walls are heated from combustion, increasing the temperature of the fuel
delivered to the pump, which in turn increases jts pumping ability until the
engine has bootstrapped itself to full power operation.

Fuel valves. - The fuel system has several valves which meter the fuel to the
various injector stations and engine cooling circuits. These valves are of the
fail-safe type. The power which actuates the valve, whether it is hydraulic,
pneumatic or electrical, is necessary to force the valve away from the safe po-
sition. Therefore, the fuel valves will return to the safe positions if the
actuating power is lost for any reason. Valves are actuated in response to
commands from the fuel control computer.

Fuel control. - The fuel control digital processor computes the correct fuel
valve setting for each position of the power lever and flight condition. The
full forward position of the power lever corresponds to maximum thrust avail-
able at that flight condition, and full aft corresponds to the minimum thrust
available. Intermediate positions correspond to a fraction of maximum thrust
equal to the fraction of the distance between the full aft and full forward po-
sitions. The digital processor computes the fuel flow required through each
valve and outputs the required signals to control the valve positions. An
electronic digital computer is preferred for the fuel control because of its
flexibility and the level of computational complexity involved in the fuel con-
trol calculations. Another reason for selecting a digital computer is the
relative ease with which a digital engine simulation can be used to develop and
check out the control program used in the engine.
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EJECTOR ANALYSIS VERSUS EXPERIMENT

The ejector analytical model described in the Appendix and used in the perfor-
mance computer program was compared to the available experimental data on ejec-
tors. A literature search comprising 250 references in microfiche produced
only three (References 1 through 3) which contained experimental data in the
general range of the duPont Jet Engine and in sufficient detail to permit simu-
lation in the analytical model. The ejector geometry was illegible in the
microfiche of Reference 2, and the hard copy was received too late to include
with this study.

The experimental conditions of References 1 and 3 were simulated in the analyt-
ical model using reasonable values of skin friction coefficient, Cf, and pri-
mary nozzle velocity coefficient, Cy, in the momentum equation to account for
the effects of wall skin friction and irreversibilities in the primary nozzle
expansion process, respectively. Excellent agreement was obtained for those
experiments which incorporated large ratjos of the area at the end of mixing,
A,, to the primary nozzle throat area, Ax. In simulating those experiments
with smaller area ratios, it was necessary to include a blockage factor (frac-
tion reduction in effective flow area at the end of mixing) in order to obtain
agreement with the experimental data. However, the analytical model was unable
to predict the maximum bypass ratios (secondary flow/primary flow) observed in
any of the experiments.

The maximum theoretical values of bypass ratio were obtained by adjusting the
secondary Mach number to maximize the flow at the end of the accommodation re-
gion where primary flow expands to match static pressure with secondary flow
and where it was assumed that no mixing had occurred between the primary and
secondary streams. This implied that the flow was choked. However, the same
criterion for choking applies both to striated flow and to the flow of a single
stream. That is, both types of flow must pass through a minimum area in order
to reach sonic conditions. Therefore, it is postulated that the maximum values
of bypass ratio predicted by ejector theory cannot be attained unless the flow
area ahead of the mixing duct passes through a minimum. This theory has been
partially verified in that the maximum theoretical values of bypass ratio could
not be attained judging by the results of ejector experiments reported in the
literature. However, since none of these experiments incorporated a minimum
area ahead of the mixing duct, it has not been determined whether the maximum
theoretical bypass ratio could be attained in any circumstance.

The comparison between the analytical model and the data from constant area
mixing experiments reported in Reference 1 is shown in Figure 3. The ordinate
represents the ratio of measured to calculated static pressure when applied to
the experimental data and the ratio of calculated static pressure with losses
to the calculated static pressure without losses when applied to the calculated
data. The same representation applies to the 'measured bypass ratio' in the

13
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Figure 3. - Comparison of ejector analytical mbdel with Reference 1

notation of the abscissa. The upper curve in Figure 3 represents a ratio of
mixed area to primary nozzle throat area of 100 which has nearly the same geom-
etry as the ejector used in the duPont Jet Engine. The ana]ytica] model was
able to duplicate this curve with the loss coefficients C, = 0.98, C¢ = 0.003
and a nominal mixing length of 8 hydraulic diameters. The other curves in Fig-
ure 3 could be duplicated out to a bypass ratio equal to 0.7 of the maximum
theoretical bypass ratio. Beyond this point, increasing values of blockage had
to be used to duplicate the experimental data. Excellent agreement was ob-
tained with the experimental data until the slopes of the experimental curves
became infinite after which the analytical model continued to calculate bypass
ratios out to the theoretical maximum (see discussion in preceding paragraph).

The simulation of the experimental data in Figure 3 was accomplished by first
determining the values of nozzle velocity and skin friction coefficients re-

quired to match the left-hand portions of the curves with a constant mixing
length of 8 hydraulic diameters. Then, holding the values of the coefficients

14
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constant, the right-hand portions of the curves were matched by determining the
required area blockage. In all cases, values of C¢ = 0.003 and C, = 0.98 pro-
duced the best correlation while the blockage varied between 8 and 12 percent.
The blockage accounted for the increase in boundary layer thickness.

The conditions of Test 18 - Run 102 in Reference 3 were simulated in the
ejector analytical model as closely as possible. Vitiated air was used in the
primary stream in the analytical model instead of the heated air used in the
experiment. As a result, it was necessary to increase the primary nozzle
throat area from 1.69 x 10~% ft2 used in the experiment to 1.7225 x 10-% ft2 in
the analytical model in order to duplicate the measured primary mass flow.
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Comparison between the analytical model and the data from a constant area
mixing experiment (Test 18 - Run 102) reported in Reference 3t is presented in
Figure 4. The ordinate in Figure 4 denotes the ratio of either measured or
calculated static or total pressure to the total pressure in the secondary
flow. The abscissa denotes the bypass ratio.

The total pressure measurements taken at the diffuser exit were matched very
closely using a C, = 0.98, a Cf = 0.004 and the actual length of the mixing
duct. These same values of the loss coefficients qave satisfactory agreement
with the measured static pressures. It was not necessary to use an area
blockage factor at the end of the mixing duct because of the large area ratio
incorporated in the test ejector.

TFigure 59, p. 187.
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ENERGY BALAMNCE

Energy was conserved throughout the analysis of the engine cycle. In this
cycle all the energy in the fluids is eventually returned to the ramjet duct so
that over-all energy is conserved. In practice the only energy that could be
removed from the engine cycle would be that energy that is tapped off for elec-
trical and hydraulic power for the aircraft. On the other hand, if the hydro-
gen fuel is used as a heat sink for airframe cooling, energy will be added to
the engine cycle. If we ignore these two effects, however, energy is conserved
within the over-all cycle.

Within the cycle itself, work is expended to pump the liquid air, and the work
is obtained by the expansion of the heated primary airstream through a turbine
which drives the pump. Similarly hydrogen pumping is accomplished in a boot-
strap system where the energy to drive the hydrogen pump impeller is obtained
by expanding hot hydrogen through a turbine. The hot hydrogen is obtained by
routing the hydrogen fuel along the walls of the combustor and nozzle to cool
the engine structure. In the regenerative cooling process all the heat that
the fuel absorbs from the combustor walls is returned to the propulsive air-
stream as the fuel is injected and mixed. The work extracted from the hydrogen
during the expansion in the pump turbine is added to the hydrogen through the
impeller so that energy is conserved in the total hydrogen fuel loop.

Liquid Air Cycle

The energy transfer in the engine cycle between the primary airstream and the
hydrogen fuel during the air liquefaction process determines the ratio of
secondary to primary flow. The heat removed from the primary airstream during
its liquefaction is absorbed by the hydrogen fuel. The amount of air that can
be Tiquefied per unit fuel flow is determined by the heat exchanger pinch
effect illustrated in Figure 5. The air enters the heat exchanger at a tem-
perature nearly equal to the free stream total and is precooled to that temper-
ature at which oxygen will Tiquefy. As the air passes through the condenser
the oxygen is liquefied at constant temperature. The temperature is then re-
duced to the point where nitrogen will liquefy, and heat is removed at constant
temperature until all the air leaves the heat exchanger in the liquid state.
Flow through the heat exchanger is induced by the volume change of the air as
it is liquefied and by the subsequent removal of the liquid air.

The hydrogen enters the condenser at pump exit conditions and its temperature
is dincreased as it passes through the condenser and absorbs the heat of conden-

sation of the oxygen and nitrogen. It then continues to increase in tempera-
ture as it cools the air in the precooler portion of the heat exchanger ahead

17

UNCLASSIFIED




UNCLASSIFIED

500 [EEEE RS PR Akt FE RS SEE TS EEEEE FEERS HEo43 FESRD FEEEE EERES EEREE P
SRS ER00S FRGRERRRES Shatd | : RS

........

I e

300 b1

Fluid temperature (°R)

e R

|
H
}
1
H
+

———— precooler — , :

. . HENY P PR I DR FRERE R .
. ot . N R NEREY P R RN R P IR AN SN .
R R R R RN I R I T T e R i IREER
. R EEERY EERS SR EEEER REUEE SERREREEEE ERRES REREE ERSIN SRR sl A:.::”.’.].‘v;‘:: :

Heat exchanger station

Figure 5. - Heat exchanger "pinch" effect

of the condenser. Examination of Figure 5 shows that the difference between
the temperature of the hydrogen and the air is at a minimum at the pinch point
where condensation of oxygen begins. Since the ability to transfer heat is a
function of the temperature difference between the fluids, more heat may be
transferred per unit surface area at the entrance of the heat exchanger and the
exit of the condenser than in the region at and near the pinch point.

The surface area of the heat exchanger is related to the temperature difference
between air and hydrogen at the pinch point. For zero temperature difference
at the pinch point, an infinite heat exchanger would be required. The greater

the temperature difference the smaller the heat exchanger. The air-side
single-phase precooler effectiveness is defined as

e = [Ta(precooler-in) - T,(precooler-out)]

/[Ta(precooler-in) - THz(condenser-out)]
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so that the temperature difference at the pinch point (ATpp) is

[
a [Ta(precoo1er—in) - Ta(precooler-out)

ATpp = Ea

As the temperature of the air entering the precooler increases in a heat
exchanger having a constant air-side precooler effectiveness, the temperature
difference at the pinch point increases. Therefore, the effect of increasing
the free stream total temperature is to reduce the quantity of air liquefied
per unit hydrogen flow.

For the purpose of this study an air-side single-phase precooler effectiveness
of 0.97 was used in a cross-counterflow heat exchanger. The amount of air that
can be liquefied per pound of hydrogen (condensation ratio, r) as a function of
static pressure in the condenser and free stream total temperature is shown in
Figure 6. To simplify the duPont Jet Engine analytical performance model, the
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Figure 6. - Condensation ratio versus free stream total temperature
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pressure dependence was eliminated and a single line representing the number of
pounds of air that can be liquefied per pound of fuel was used. This line has
been superimposed on Figure 6. This approximation gave slightly optimistic
condensation ratios at sea-level-static and conservative ratios with increasing
free stream Mach numbers.

In the calculation of engine performance, it was assumed that the hydrogen
would change from parahydrogen in the tank to an equilibrium mixture of para-
hydrogen and orthohydrogen at the pinch point. It is necessary to run the
hydrogen through a catalyst in order to accelerate the conversion from para-
hydrogen to equilibrium. This conversion has been demonstrated in the labora-
tory with amounts of catalyst that are realistic for flight applications. It
was demonstrated in Reference 5 that 75% conversion from parahydrogen to the
equilibrium mixture of orthohydrogen and parahydrogen could be obtained with
five pounds of catalyst per pound per second of hydrogen flow. The catalyst
used was ruthenium on a bed of silicon dioxide and zirconium oxide. Although
this laboratory demonstration indicates that flight weight catalytic conver-
sion is possible, a flight weight heat exchanger with catalytic conversion has
not yet been demonstrated. If there is no conversion at all and the additional
heat sink from the para-ortho conversion is not realized, the condensation
ratio shown in the lower line in Figure 7 will be realized, compared to that

0 500 1000 1500 2000
Tte (°R)
Figure 7. - Effect of parahydrogen to orthohydrogen conversion

20

UNCLASSIFIED




UNCLASSIFIED

attainable with complete conversion shown on the upper line. The effect of not
achieving conversion is to require more fuel flow for the same engine pressure
ratio and thrust, or lower pressure ratio and thrust for the same fuel flow.

In this analysis no consideration was given to schemes that might augment the
heat sink capability of the hydrogen. For example, if slush hydrogen is used
in the tank, the fuel flow for air liquefaction can be made independent of the
fuel consumed during combustion, the excess being returned to the tank giving a
much better performance than in the case where all the fuel used for air lique-
faction must be burned. Other schemes advanced by the Marquardt Corporation
under the generic name of SUPERLACE, which involve expansion turbines and
reliquefaction of some of the hydrogen, can also potentially augment the fuel
heat sink available.

Engine Cooling

A comparison with the Hypersonic Research Engine (HRE) at Mach 8 shows that the
90-inch diameter duPont Jet Engine can be cooled with 63% of the available heat
sink in the hydrogen fuel used for stoichiometric combustion. The comparison
was made by using Figure 5.1-25 of Reference 6 as a reference. This figure
shows heating rate versus engine station at a free stream number of Mach 8 and
a local Mach number of 6.5 corresponding to flight under a wing at approximate-
ly 7 degrees angle of attack. The heating rate for a 90-inch diameter duPont
Jet Engine was obtained by multiplying the heating rate of the HRE by the reci-
procal of the local Reynolds number to the one-fifth power times the ratio of
the local airflow per unit area of the duPont Jet Engine to that of the HRE.

The resulting curves of heating rate are plotted versus nondimensional engine
station in Figure 8. The heating rate was then integrated over the engine sur-
face to obtain the heat load on the engine. This heat load was then compared
to the heat sink available in raising the fuel flow from the pump outlet tem-
perature to the maximum permitted temperature of 1600°R. The comparison showed
that 63% of the available heat sink is required to absorb the engine heat load.

The differences in basic aerodynamic heating parameters that affect the results
for the 90-inch engine with respect to the HRE are a larger Reynolds number due
to increasing the scale by a factor of 5, a 50% reduction in airflow per unit
area in the region that is used for subsonic combustion between approxi-
mately station 6 and station 7 due to increasing the subsonic combustor area to
achieve greater low-speed thrust, an 8% reduction in wetted perimeter in the
subsonic combustor due to increasing the combustor area, and a shortening of
the engine internal length indicated in Figure 8.
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ENGINE WEIGHT

The weight of the duPont Jet Engine as a function of inlet cowl diameter was
obtained by establishing an acceptable design from an aerodynamic and thermo-
dynamic standpoint using the Hypersonic Research Engine (HRE) as a guideline.
The design criteria for the HRE were used throughout. Two layouts of the
engine were drawn: one with a 90-inch inlet cowl diameter, the other with an
18-inch inlet cowl diameter. A detailed weight breakdown of the two layouts is
included in Tables I and II. Figure 9 shows the structural subassemblies con-
sidered in the weight analysis. In the case of the 18-inch engine, all of the
cooled skin and heat transfer surfaces are similar to those of the HRE except
for the outer cowl which was cooled with an ahlative material on the HRE and is
regeneratively cooled on the duPont Jet Engine. In the case of the 90-inch
engine the structural inner skins were adjusted for hoop stress.

After the detailed weight analvses for the two engine sizes were completed, the
weight per wetted area of each major structural subassembly was derived. The
wetted areas for three intermediate-sized engines were then determined by scal-
ing all dimensions proportionately to inlet cowl diameter, with the exception
of the combustor length which was held constant. The weight per wetted area of
the shell subassemblies was determined for each intermediate size by adiusting
the inner skin thicknesses. The weight of the auxiliary structure and the sub-
systems was interpolated as a square function of the inlet cowl diameter ratio.
The weights of the five engine sizes are shown in Table III. The weight of the
duPont Jet Engine as a function of inlet cowl diameter, shown in Figure 10, is
based on these five engine sizes and weights. The engine weight increases as a
function of maximum combustor pressure for the subsonic and supersonic combus-
tion modes were determined by calculating weight increases to satisfy hoop
stress requirements in the critical areas of the combustor for that mode in the
five engine sizes. The weight increases for the subsonic and supersonic com-
bustion modes are shown in Figures 11 and 12, respectively.

Most of the shell is the same on the duPont Jet Engine as the HRE for equiva-
lent engine sizes, i.e., fins and skins for internal wetted area and basic
structural skin thicknesses. A1l of the weights of the subsystem valves and
controls are the same as the actual weights from the HRE reports for common
parts and enagine size. The weight of these items accounts for approximately
half of the calculated engine weight; therefore the 15% development margin,
which is 15% of the total weight, really amounts to approximately 30% of the
new design areas. Substantial weight savings are realized on the duPont Jet
Engine compared to the HRE in the spike actuation and support system and in the
fuel injection and coolant manifolds. New areas of design are in the heat
exchanger, the liquid air pump and the variable exhaust nozzle. An additional
10% margin is included in the weight of these components. A comparison between
the 18" diameter duPont Jet Engine and the HRE is contained in Table IV.
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TABLE I. - DUPONT JET ENGINE WEIGHT SUMMARY
FOR 90-INCH INLET COWL DIAMETER

Wetted Assembly Shell Auxiliary

area weight only structure
Item (ft2) (1bs) (1bs) (1bs)
Spike, forward 28 120 81 39
Spike, aft 257 1325 884 44
Inner shell 153 505 420 85
Innerbody nozzle 95 210 174 36
Outer cowl 299 1865 1735 292
Variable nozzle 177 1070 859 211
Struts 30 325 103 222
Total 1039 5420 4256 1326
Subsystems:
Hydraulic actuation 620
Heat exchangers 930
Liquid hydrogen pump 340
Liquid air pump (includes combustor) 150
Miscellaneous controls 150
Miscellaneous plumbing 180
Total subsystems weight 2370
Shell weight 42561
Auxiliary structure weight 1326
Subsystems weight 2370
Development margin 15% 1193
GRAND TOTAL 9145




TABLE II.- DUPONT JET ENGINE WEIGHT SUMMARY
FOR 18-INCH INLET COWL DIAMETER

Wetted Assembly Shell Auxiliary
area weight only Structure
Item (ft2) (1bs) (1bs) (1bs)
Spike, forward 1.1 6 4 2
Spike, aft 11.2 70 41 29
Inner shell 7.1 30 20 10
Innerbody nozzle 3.8 14 8 6
Outer cowl 13.5 95 67 28
Variable nozzle 7.1 53 37 16
Struts 1.2 24 6 18
Total =45.0 292 183 109
Subsystems:
Ignition system 16
Hydraulic actuation 65
Heat exchanger 57
Liquid hydrogen pump 30
Liquid air pump (includes combustor) 25
Miscellaneous controls 84
Miscellaneous plumbing 40
Total subsystems weight 317
Shell weight 183
Auxiliary structure weight 109
Subsystems weight 317
Development margin 15% 91
GRAND TOTAL 700
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1 Forward spike

2 Aft spike

3 Inner shell

4 Innerbody nozzle
5 Quter cowl

6 Variable exhaust nozzle C::;""—:===-———-
7 Struts ““_==::__,_, - .

_—

Figure 9. - Structural subassemblies of the duPont Jet Engine

Inlet Spike Actuation and Support ,System

The largest weight savings in the duPont Jet Engine compared to the HRE are in
the spike actuation and support system. The hydraulic actuator used in the HRE
was replaced with separate actuators each attached to a strut and directly
attached to the base of a manifold ring on the spike as shown in Figqure 13. A
single actuator moves the spike tip. This shortened the 1oad path and removed
the heavy mounting legs used on the HRE. Support for the engine unstart load
was moved to the largest possible diameter since the support weight required to
resist bending moment is inversely proportional to the square of the radius of
gyration. This further reduced the weight required for keeoing the spike con-
centric with the inner shell during an asymmetric unstart and eliminated the
bellows required on the HRE. The HRE spike actuator was a modified off-the-
shelf unit which was required to have greater force than that required for the
duPont Jet Engine. The duPont Jet Engine spike design allows pressure balanc-
ing by necking down the trailing edge of the spike thereby reducing forward
actuation forces which further reduces actuation system weight.
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Coolant and Fuel Manifolds

Most of the coolant and fuel manifolds on the HRE were desianed to be integral
with mating flanges and were half-round or quarter-round in cross-section. The
duPont Jet Engine manifold rings are designed to take advantage of hoop stress
by using circular cross-sections (only a few of the HRE manifolds were built in
this manner). The cross-sectional shape of the HRE manifold ring requires
larger thicknesses to resist flat plate bending that is four times the thick-
ness requirement of the duPont Jet Engine manifold ring of equivalent cross-
sectional area. In addition the perimeter of the manifold is larger on the
HRE. In the areas where manifold rings were integral with mating flanges,
weight penalties were incurred on the HRE because of leakage protection for
bolts and lugs and difficulty in machinina out between internal bosses and
manifold walls. Separating the mating flanges from the manifolds in the duPont
Jet Engine design not only allows lightweight flanges, shorter bolts and light-
weight nuts, but also increases frequency of internal rings which act as stiff-
ener rinas for the shells in compression. Folded flow is used to route coolant
to the joint where the flanges meet and to protect the flanges from aerodynamic
heating. For the 18-inch diameter duPont Jet Engine the outer shell manifolds
are designed to satisfy minimum height of the cowl. Fins and strips are used
similar in design to the shell wall with the exception of larger fin heights
and spacing. For the 90-inch diameter duPont Jet Engine, ganged manifolds with
round cross-sections are used. The weight change per unit area of cowl follows
a similar trend as the 18-inch to 90-inch engine weight per wetted area of sub-
assemblies, therefore no significant weiqht chanae can be attributed to alter-
nate cowl manifold confiqurations.

Heat Exchanger

The heat exchanger is unique to the duPont Jet Engine and is not comparable to
the HRE. It is a rectangular plate and offset fin unit sized with 15% shutdown
volume for de-icing and includes a 10% design margin. A sizina study produced
a l4-inch length for the plate-fin heat exchanger core with the height and
width both equal to 1.1 times the inlet cowl radius, Rc. The liquid air pump
weight is derived from the J-2 rocket engine LOX pump weight. The water sepa-
rator and the variable exhaust nozzle, which are not comparable to the HRE, in-
clude a 10% design margin and account for less than 17% of the engine weight.

The air in the heat exchanger makes a single pass from front to rear while the
hydrogen makes several passes back and forth as it travels from the rear to the
front using a mitered fin arrangement to make the turns inside the plate fin
core. A half-round manifold is used to introduce the hydrogen to the core at
the rear and to collect it at the front. Valves can shut off hydrogen to a
sectinn of the heat exchanaer for de-icing the core. A second set of valves
permits the air flowing through the section being de-iced to flow overboard.
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DUPONT JET ENGINE PERFORMANCE

The purpose of this phase of the study was to define an engine by optimizing
certain key parameters and areas in the range of flight conditions varying be-
tween sea level static and a free stream Mach number of 4 and then to obtain
off-design performance over the same range. Three computer programs were de-
veloped for the performance study. The first computer program implemented the
ejector analytical model in both the design-point and off-design modes. The
second and third computer programs implemented the engine analytical perfor-
mance model in the design-point and off-design modes, respectively. The enraine
was defined from a sizing study using the design-point performance programs.
Then the performance of the engine was determined using the off-design perfor-
mance program.

hl

Sizing Studies

] 1
The effect of total temperature, T¢, and pressure, pt, in the primary air sys-
tem on the ratio of inlet throat to secondary stream total pressures, pt./Pt»
was determined by varying either the temperature or pressure while holding the
other constant. The total engine fuel flow and equivalence ratio were held
constant at Wfy = 1 1bm/sec and ¢¢ = 1 for this study so that the geometry of
the mixing duct was completely variable. The effect of primary total tempera-
ture on the mixed pressure ratio is shown in Figure 14 over the range of free
stream conditions and at a ratio of primary to secondary total pressures equal
to 40. At sea-level-static conditions, the mixed pressure ratio was maximum
for a primary total temperature of approximately 1800°R. The maximum permis-
sible temperature in the regeneratively-cooled engine structures was also
1800°R. The effect of primary total pressure ratio on mixed pressure ratio at
a primary total temperature equal to 1800°R is presented in Figure 15. The
mixed pressure ratio continually increased over the range of primary total
pressure ratios from 10 to 80 so that the selection of the optimum primary
total pressure ratio resulted from other considerations. A primary total pres-
sure ratio of 40 was chosen as a compromise between ejector performance, pri-
mary air system weight and part-power off-design performance with a fixed
primary nozzle throat area.

Using a primary stream total temperature of 1800°R and a primary pressure 40
times the secondary total pressure, design-point performance was obtained for
equivalence ratiocs of 0.5, 1.0, 1.5 and 2.0 over the desired range of free
stream conditions. No skin friction or primary injection nozzle losses were
included in order to make the trends more apparent. The analysis always
obtained maximum theoretical (i.e. minimum area) flow at the injection station
and used constant pressure mixing. The inlet throat area was assumed equal to
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the Kantrowitz area in each case so that the velocity at the inlet throat was
always sonic. The combustor and exit nozzle throat areas were continually
adjusted to match the inlet flow. The ratio of choked inlet throat area to
choked exit nozzle area was determined for each case as shown in Figure 16
where the curves illustrate the problem of matching a fixed nozzle throat area.

s T T T OO
= 1.0 e
3 -:]‘5 ! D S S B ! ) ‘
2.0 ] SN | TR
2 =
As/As -
1
00 1 2 3 4

Meo

Figure 16. - Ratio of nozzle to inlet throat areas versus M, and ¢4

At low speeds a fixed nozzle that will not pass all the flow supplied by the
inlet requires the flow to be limited either by reducing the inlet throat area
or by reducing the throat Mach number. The former will maintain the enqine
pressure ratio; the latter, which is the only possibility in a completely fixed
geometry engine, will reduce the mixed pressure ratio as illustrated by Figure
17. At the high Mach numbers the fixed nozzle throat will require a loss in
total pressure between the inlet and nozzle throat greater than the normal com-
bustor loss. This loss is accomplished by a choked inlet throat and accelera-
tion to supersonic speeds in the diffuser followed by a normal shock.

Since the mismatch between a fixed nozzle throat and a fixed inlet throat is
caused by a difference in inlet total temperature with fiight Mach number, an

examination was made into the possibility of varying the primary stream total
temperature to achieve a match. As Figures 18 and 19 illustrate, this method
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was not too successful in that the 1800°R 1imit on T; would not reduce the area
ratio required at M- = 1.5 to that required at Mo = 3 even with Ty as low as
600°R, and there was still a large variation with equivalence ratio to be dealt
with. The variable inlet throat area mode of operation was selected as the
most practical solution. A variable geometry inlet is already included in the
axisymmetric engine used as a baseline for the weight analysis. The variation
in geometry permits attaining the optimum contraction ratios for supersonic
combustion ramjet operation, low-speed operation and inlet starting, and
enables inlet closure.

The minimum ratio of nozzle to inlet throat area selected for off-design study
is 2.3 corresponding to A,max = 0.25A¢ and Ag = 0.575A.. This value is close
to that used on the HRE and will permit subsonic combustion operation to nearly
Mach 6 at which point the normal shock will be positioned at the exit of the
diffuser so that a transition to supersonic combustion is necessary for opera-
tion at higher speeds. A larger value of the nozzle throat area would increase
low~speed thrust, but would also decrease the transitional Mach number for
supersonic combustion and cause higher losses in the region between Mach 2 and
the transition. Optimization of the fixed throat area involves a very detailed
analysis of the effect of engine changes on aircraft performance and is con-
sidered beyond the scope of this contract. The maximum potential increase in
low-speed thrust made possible with a variable nozzle throat is shown in Figure
20. The thrust is proportional to nozzle throat area up to the maximum shown
in Figure 20.

37

UNGLASSIFIED



UNCLASSIFIED

B 1 T
S

I Aomax/Ac = .25
— As/Ac = .57

H
i
|
1
S
! .
|
i
T
4
i

LN |
Y . :
"f‘f;:t::‘;\ : i

T
R I . 1
2 3 4

Thrust variable throat
Thrust fixed throat

M

Figure 20. - Effect of variable exit nozzle throat area

0ff-Design Performance

A1l of the off-design performance is based on the assumption that the engine is
completely submerged in a pressure field resulting from that angle of attack
which corresponds to a 2.5 degree wedge. The pressure recovery of the
unstarted inlet is based on conditions downstream of a normal shock ahead of
the inlet cowl as shown in the lower curve in Figure 21. A schedule of inlet
throat areas slightly larger than those generated by the sizing study was used
in order to reduce the subsonic diffusion losses. The friction loss between
any two engine stations is obtained from the skin friction coefficient, the
wall surface area and the arithmetic average of the dynamic pressures at the
stations. The dynamic pressure at the end of the accommodation region is
obtained by mass averaging the dynamic pressures in the primary and secondary
streams. The nozzle exit area is variable so that the fiow always expands (or
diffuses) to the static pressure in the pressure field. The engine specifica-
tions for the off-design study are tabulated in Table V.

The engine specific impulse as a function of free stream Mach number and equiv-
alence ratio is presented in Figure 22. The decrease in specific impulse dem-
onstrates the effect of increased losses from the normal shock inlet pressure
recovery past about Mach 2, however, the abrupt decrease in performance at the
lower equivalence ratio is due to losses from shock in the diffuser. With a
started inlet, the specific impulse would level off or increase to Mach 4. The
almost constant specific impulse independent of equivalence ratio at sea-Tevel-
static conditions is the result of increasing engine pressure ratio with
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TABLE V

ENGINE SPECIFICATIONSt

Engine Engine

area Value parameter Value
Ao/Ac variable Cfys 0.003
Ax/Ac 0.00185 Cfpg 0.003
Ay /Ac 0.25 (max) Cfay 0.003
Ay /A, 0.925 Cy 0.980
As/Ac 0.69 Cy 0.984
Ay/Ac 0.69 Tt 1800°R
As/Ac 0.575 8 2.5°
Ae/Ac variable g' 20°
Ayia/Ac 5.507 o 0.950
Az 3/Ac 4.0 ny, 0.950
Awsy/Ac 4.0

+Doub’le numerical subscripts denote that area or parameter was
applied between the stations designated by the numerals.

_—




o soop f—— P L LN
- L AU S s

3000

- L g__} 1/ | . L-jﬁ_ : i ____4 1.0
' l ) N i :
!

‘ ! : ; ;
' : ; : s ! . i
Isp i | / . ‘ R I

I A G Y
2500 ’.fjlf’_:,, ‘ o / o .‘i-m" TN
: ! N

HENEN i\\ 1.5

00|

rn O
o,

L RN

SUIEDY  EEEO IS EENE FRNEN ERH FERSE ERSS ! L §

RV i R
0 A o e

ViR z

I o B L

Figure 22. - Specific impulse versus flight Mach number

a1




UNGRASS IFre:

equivalence ratio which tends to offset that portion of the fuel that is not
contributing to combustion during fuel-rich operation. At higher Mach numbers
where the ram static pressure rise is added to the total pressure rise due to
injection of the primary stream, performance demonstrates a more typical spread
with equivalence ratio, although fuel-rich performance still is relatively
superior due to increased engine pressure ratio. Above Mach 3 engine perfor-
mance is degraded slightly from design-point values because a normal shock in
the subsonic diffuser has to be used to match the fixed exit nozzle throat. At
an equivalence ratio of 0.5, the normal shock required for matching starts to
degrade performance near Mach 2 and is responsible for the lean specific
;mpulse becoming lower than the stoichiometric and fuel-rich values between

ach 3 and 4.

The enaine thrust coefficient as a function of free stream Mach number and
equivalence ratio is shown in Figure 23. The large increases in thrust with
increasing equivalence ratio results from increased enaine airflow due to a
higher engine pressure ratio. The improvement in thrust from equivalence
ratios greater than unity is also due to the secondary effects of additional
fuel mass flow and Tower molecular weight of the exhaust gases. The change in
thrust coefficient with equivalence ratio demonstrates how fuel-rich operation
increases effective specific impulse even though the basic engine specific im-
pulse is reduced. The increase in transonic thrust is impressive: however, at
higher free stream Mach numbers the increase in thrust with equivalence ratio
is less pronounced. The sea-level-static thrust is presented separately in
Figure 24 since the thrust coefficient becomes infinite at zero forward speed.
The increase of thrust with increasing equivalence ratio is evident. ‘The value
of equivalence ratio selected for takeoff thrust on an engine sizing basis co-
incides closely with the value that gives optimum specific impulse. The engine
mass flow and expansion nozzle area curves in Figures 25 and 26, respectively,
are presented so that installed performance can be computed using experimental
data on spillage and boattail drag. The necessity for variable nozzle exit
area is apparent from examination of Figure 26.

The potential advantage of the duPont Jet Engine cycle is that it provides
takeoff and static thrust to a ramjet without adding too much weight and with-
out compromising the ramjet geometry and therefore the high Mach number fuel
consumption. Fuel consumption statically and at low Mach numbers is greater
than some turbine engine cycles, but the increased thrust and lower engine
weight can potentially compensate for this greater fuel consumption. The
typical hypersonic aircraft is more sensitive to the engine fuel consumption at
high Mach numbers than to static and low-speed fuel consumption.
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ENGINE COMPARISON

The duPont Jet Engine was compared to four other engines: a stoichiometric
turbojet, a wraparound or combined turbojet-ramjet, the Supercharged Ejector
Ramjet (SERJ) and the SCRAMLACE engine. In addition, the axisymmetric embodi-
ment of the duPont Jet Engine was compared to two other possible confiqura-
tions: a two-dimensional engine with variable inlet ramps and a fixed geometry
configuration such as the Langley three-dimensional engine. The comparisons
show the duPont Jet Engine to be greatly superior to all the other engines with
respect to weight, and superior or competitive with respect to fuel consumed
between sea-Tevel-static conditions and Mach 4 flight. In the configuration
comparison, the installed ramjet performance for acceleration is best for the
variable ramp two-dimensional inlet, intermediate for the axisymmetric pod, and
worst for a fixed geometry integrated engine. On the other hand for design-
point cruise fuel consumption, the two-dimensional variable geometry inlet and
the fixed geometry engine are potentially better than the axisymmetric pod
because these configurations can eliminate the pod drag and use the vehicle
surface for additional nozzle expansion. With respect to weight, the axisym-
metric pod is the 1ightest and the two-dimensional variable geometry engine is
the heaviest. When the trade-off of weight, pod drag and performance are con-
sidered in typical airplane applications, the podded engine is superior or
competitive in every case.

Engine and Airplane Data

Engine data were obtained primarily from Reference 7. Data on the stoichio-
metric turbojet and wraparound turboramjet are proprietary to Pratt & Whitney
Aircraft so that the weights and performance of these engines had to be approx-
imated. A common basis for comparison was obtained by scaling the SERJ and
SCRAMLACE engines to 44.2 square feet of cowl area equivalent to a 90-inch cowl
diameter duPont Jet Engine. The turboramjet was sized to 44.2 square feet of
cow] area and 50 000 pounds of sea-level-static thrust so that it is exactly
the same at takeoff and during ramjet operation as the 90-inch cowl diameter
duPont Jet Engine at these conditions. For weight purposes the stoichiometric
turbojet and the wraparound turboramjet are considered to be the same engine.
For performance purposes the stoichiometric turbojet is operated alone and the
wraparound turboramjet employs both turbojet and ramjet operation.

The engine fuel consumption during climb and acceleration to Mach 4 was evalu-
ated by computing effective specific impulse, [(thrust - drag)/fuel flow]. The
drag was obtained from the wind tunnel tests of the NASA HT-4 configuration
reported in Reference 8. The drag was corrected for full-scale skin friction
using the method of Reference 9. An increment of engine drag obtained from
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Reference 7 was added to the basic airplane drag. This increment included
spiliage drag, cowl drag, and inlet bleed drag. Four basic engines were
installed for a total of 177 square feet of reference cowl area. The airplane
was 330 feet in length and had a takeoff weight of 700 000 pounds. The air-
plane was flown over the trajectory shown in Figure 27. The airplane
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Figure 27. - Acceleration flight path

accelerated at sea level to Mach 0.9, climbed at Mach 0.9 to 25 000 feet,
accelerated in level flight to Mach 1.9 and followed a dynamic pressure trajec-
tory of 2000 pounds per square foot to Mach 4 at an altitude of 56 500 feet.
The reference drag levels of the HT-4 with and without the Marquardt two-
dimensional engine with variable inlet geometry and bleed were obtained from
References 7 and 8. These reference drag levels are presented in Figure 28.

Performance

The thrust of the five basic engines is compared to the reference drag level
in Figure 28 over the trajectory defined in Figure 27. The results of §his
comparison between SERJ, SCRAMLACE and the duPont Jet Engine are shown in
Figure 29. The SERJ engine converts from the ejector to the fan-rqmqet_mode
at the points on the reference trajectory where the effective specific impulse

47




Drag (1bs)

48

300 000 : SessaeEssasm : T
- M 17 . : n 1A + + -
INEEDNEEY SN ES! A S : o T Iune! =i T bmand
: 1 M T . T 1= )Y 1
: saa: t T
T i y pa = . = [ el S
T Bt 1 T 1S DRBEE BBt
+ I ER et 1 7 15 : —
1 InRSe! . t t 1
ry . =t :
NS IR + 50 T ¥ :
-y + t + = + + pau
sasssscecssTssees = & . -
t + ; =
e o Basic airplane
H - .
et e Y Pl - . —
e e with Marquardt engine @
T il 1 i 1 i -
— > A L1dciiigaros .
=xeussuas sa: 7 : & Saunusi wes: drag e Fees bates
» 3 . : 4 1% ! laqTT
250 000 : —F Y e
t " T : T S DU
T : T X ot bt $965S SRabe SO
I = B! ; X pEs T b B SN
18 Bas BE BS! X
& I 3 M SOROS OB Of I
T T X —— e - PPESE FRSOS B PPN
r . D s § rand SrSOn phpe s CESES SRORS b BB
1 i ns ; T ﬁA it sab e e ceie
" I 7 1 - e
4 + + . — .
1T T IBESERNE PUE VT:’! NE SRR B 1 SRl
Jan BN 11 NS0 DRSS 8 DR ESPEN B H00 DOSIE PO jae!
1T T T 19 4 TITIK X b am
== T IR § ’ Al h
. N o ) W + -
12 t 4 T X ol
+—+ + t HF T ~+
T 1 - I 1T 3 X1 X
NSS! 1 H SRS SR and; 1
+ dted 1 . i —
isassssmsTEm: ¥ 1 smsnuw) 451 sasanan 1
4
nd T : I Tt 1t
200 000 = : =
1 2154 e ; 7 1
T - 1 DS SEet T
T 11 i 1 . T
11 11 = y
n 4 1 .
ot "yt : 158 NS ! qER =+
e s T Tt o t
: 173 y o T ¥ OGP0 ¥
- M 4 2
o T 1 T ;x
T 1 " : I Y
InssaanSe: ! . I‘, ot I A ‘*{‘ e - #il‘
-t > : :
Tt : snalls = aa sl o Ty N Ma
. — . g " - . —t : . ————
T i i 1S BRBe 3 : PSS &)
Tt ne : 1 =1y SDBES P8 TOIRSID:
i+ s . BN — et + 44
b - e +
T INSHE JPRL bR o e
= I AN ERYES? 8 LSS SN BOIIE BROTE 1 au e PESLE Bol
150 000 et 1588 S i
4+ 1 ——r it -+
t -
n ne o L2 : -,«.jB . :Tj“
: T3 R R T Ragie | 2
] . 3 4 ARG GNP ISE . ] — o v
I REEER NSNS S0 R RSS! T ; T Rt
SR et airplane 3
N0 EDRSY N BESBE? | 1007 SEEESN tri po
- : +~t t 44+ +
Seseseeey et sssseerte e sRe S eee SRS
IR B DSl mwe o INEES DRSS FODES B HEe
I 1 T I + i d If cevsd
4 4 . e ~+ :
nas) iseay s e Shuan sunbe INSEE U T ot
T : 1o JRO'E S RSN BT p 11
S anua v s x ; ISENS SOPRS BEOES RS T
’ 2 0En poe ]
t : " Sau boug bel ri Sows: 1
w4 et [OUS ABERS e sy + e
100 000 S0 B P AnsuE mp nnte e
T y e T p e
B 184 DAY S8R 1 1 T T bat bl nhGes
RN EEEE B | ; bus o pESS Sarys JERTS SAD0H SO
-ty ' — T T -t e S
: T
" 1 N T3 = i
Al 1 1 1 InESn R MEE BEES! IJI 1T =
+ + 14 <+t - T1 1 I B e e am.
M 3 “ 4 . +
— T 17 NS B Bt [S SS8Ee Bpwa
+ s . - r b pwi s
Samey Aty it +reiy 1y I t
e " + Snapae
T IBAENSESUE PGS 1 M S N
TIT PEGSNESSE I MOBBREDE S s
Tt INOED S0l 11T MBS B 1 NS BBANI
b . 1 '\V - —
- e e e 15 HEERE Sa bos Bamet
: S B 0T B 13 —+ b g
S ROSSESEREE BN VI s I3 pPH
+ e perrs 1 e t
50 000 1 et e o :
! P R R H asensaal
1 +—t- - - T 1
—— -
T ppes
= 1 T 1888 0 eaat
" 17 e n; T ) e
t + 4+ T IR SoE
B T T oo + — vt
M + + i -
e WS RRETE Bai - t 1=
1 i t o 1 =
- s w1
— ! e Boas bame) a8 Bt e askat
Innane| 'S DEROS i 9e o SRPES SO S an s s
. I [T
+ : 1 S~ PR PREeN b » e oW
. Bt Inosaspass

Figure 28. - Drag of HT-4 airplane




1 000 000 ===

800 000

600 000 |

400 000 fir Mfi Jet Engine

Thrust or drag (1bs)

200 000 P S
. ic airplane : s

us engine drag.l . =1L
ST SRS EECER IR :":;‘;‘:;E SR

SESE SEEES ERTES CRDRY CEEUH FEEPY ERNUY HERTY SOTUE ERUEL IRTUN HAEH CEUNL D i

Figure 29. - Thrust of SERJ, SCRAMLACE and duPont Jet Engine

of the two modes is equal. The transition of both the SERJ engine from the
fan-ramjet to the pure ramjet mode and the SCRAMLACE from the ejector to the
ramjet mode is based on the same criterion. The SERJ and SCRAMLACE demonstrate
a much higher takeoff thrust than the duPont Jet Engine under the sizing rules
adopted. Transonically, the SCRAMLACE thrust is comparable to the duPont Jet
Engine. The SERJ has more thrust in the low specific impulse rocket mode and
less in the high specific impulse fan-ramjet mode. When the inlet of the
duPont Jet Engine is started, its thrust is similar to that of the other

two engines. The results of the comparison between a turbojet, a wrap-
around turboramjet and the duPont Jet Engine are shown in Figure 30. It is
evident from this comparison that the turbojet produces insufficient thrust to
overcome the reference drag levels beyond the transonic range and that the
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‘thrust of the duPont Jet Engine exceeds that of either of the other two engines
over the critical transonic speed range.
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Figure 30. - Thrust of turbojet, wraparound turboramjet and duPont Jet Engine

Comparisons of effective specific impulse are presented in Figures 31

and 32. Fuel consumed during acceleration to Mach 4 is related approximately
to the minimum value of this parameter. The duPont Jet Engine is clearly
superior to both the SERJ and SCRAMLACE. Both of these engines produce
relatively larger static thrust under the sizing rules adopted so that the pos-
sibility of improving effective specific impulse by sizing the engines to pro-
duce more low-speed thrust does not exist. A proportional increase in low-speed
thrust of the three engines would increase the duPont Jet Engine's margin of
superiority. On the other hand the position of the turboramjet can be improved
by relatively small increases in turbojet size. Figure 33 shows the effective
specific impulse at Mach 1.2 and 1.5 as a function of sea-level-static turbojet
thrust. If the turbojet were sized large enough, it could have the best fuel
consumption of all the engines because it has the highest basic engine specific
impulse. However, the weight penalties to improve the thrust are great enough
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Figure 31. - Effective specific impulse of
SERJ, SCRAMLACE and duPont Jet Engine

to 1limit optimum engine sizes to values that give an effective specific impulse
similar to the duPont Jet Engine. Therefore from a fuel consumption standpoint
the duPont Jet Engine must be classed as competitive to a wraparound turbo-
ramjet but not as clearly superior as it was to SERJ and SCRAMLACE.

In the range from Mach 2 to 4 in Fiqures 31 and 32, the effective specific
impulse of the duPont Jet Engine is presented operating in the ejector mode
with an unstarted inlet (normal shock pressure recovery) but not as a pure
ramjet with a started inlet. The other engines are assumed to operate with
started inlets with Mil Spec pressure recovery (see Figure 21). When the
duPont Jet Engine inlet is started, its performance in this speed range is
similar to the other engines. The engine pressure ratio increase due either to
injection or to rotating turbomachinery has progressively less effect on the
engine cycle performance with increasing free stream Mach number. In the case
of the duPont Jet Engine used in this example, the fixed nozzle throat area
eliminates any significant advantage from air injection with a started inlet.
This engine therefore operates as a pure ramjet after the inlet is started as
do the SERJ and SCRAMLACE. In order to match the nozzle of the turboramjet,
the turbojet is operated to as high a Mach number as possible (approximately
3.1) before transition to the pure ramjet mode.
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Engine Weights

The weights of the engines are all placed on a comparable basis without
adjusting the manufacturers' basic unit weights. If the weights were adjusted
to comparable materials and stress allowables, SCRAMLACE would be considerably
heavier. A1l engines are sized to 44.2 square feet of inlet cowl area which
corresponds to a 90-inch cowl diameter in the case of an axisymmetric engine.
The SERJ and SCRAMLACE are scaled from the class 3 (final) weight propor-
tionately to cowl area to produce a sea-level-static thrust of 128 000 pounds
and 111 000 pounds, respectively. Relative to the final class 3 engine sizes,
the SERJ is scaled from 70 square feet of inlet cowl area to 44.2 square feet
or 63%, and the SCRAMLACE is scaled from 68 square feet to 44.2 square feet

or 65%. The turboramjet consists of a 50 000-pound sea-level-static thrust
turbojet and a maximum ramjet nozzle throat area equal to the fixed nozzle
throat area of the duPont Jet Engine. The weights of the stoichiometric turbo-
jet engine installation and the wraparound turboramjet are assumed to be the
same. The major difference between the two engines is in the mode of
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Figure 33. - Turboramjet effective specific impulse versus turbojet size

operation: the stoichiometric turbojet is operated alone and is shut down at
the start of ramjet operation; while the wraparound turboramjet features simul-
taneous operation of the turbojet and ramjet.

The two-dimensional variable geometry inlet used for the SERJ, SCRAMLACE and
the turboramjet is assumed to weigh 148 pounds per square foot of cowl area to
conform with the Marquardt analysis. This design is based on a maximum inter-
nal pressure of 120 pounds per square inch. At this weight ratio, the two-
dimensional inlet weighs 6550 pounds. In a comparison between axisymmetric and
two-dimensional inlets the Marquardt study predicts that an axisymmetric inlet
would weigh 46% less than a comparable two-dimensional inlet. On this basis, a
weight of 3540 pounds is used for the axisymmetric version of the turboramiet.
The SERJ incorporates a retractable fan and SCRAMLACE a large heat exchanger
neither of which is compatible with the use of an axisymmetric inlet.

An allowance is included for a regeneratively-cooled external cowl and a 15%
development margin is added to make the weight estimates for these three en-
gines comparable to the estimate for the duPont Jet Engine. Cowling for SCRAM-
LACE consists of a bottom panel and one-half of a side. The resulting weights
are summarized in Table VI, and the weight comparison is presented in Figure
34.

The weight of the duPont Jet Engine pod is about one-half that of the other
engines. On the reference airplane used to develop the effective specific
impulse, use of the duPont Jet Engine pods results in weight savings of 28 500
pounds and 33 500 pounds for axisymmetric and two-dimensional inlets,
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TABLE VI. - ENGINE WEIGHT SUMMARY -
DUPONT JET ENGINE, TURBORAMJET, SCRAMLACE AND SERJ

90-1inch Turboramjet SCRAMLACE SERJ
duPont axisym- 2-dimen- 2-dimen- 2-dimen-
Jet metric sional sjonal sional
Engine inlet inlet inlet inlet
Bare engine 7952 5 400 9 400 8 090 8 100
Variable inlet + 3 540 6 550 6 550 6 550
Engine cowling + 1 200 820 590 820
Development
margin 15% 1193 2 120 2 520 2 285 2 320
TOTAL
=r7PODDED ENGINE 9145 16 260 19 290 17 515 17 790

+Weights attributed to variable inlet and engine cowling included in bare
engine weight.
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Figure 34. - Engine weight comparison

respectively, installed on the lightest competitive engines. The engine weight
savings of 28 500 to 40 000 pounds are about equal to the payload of a sinale-
stage-to-orbit aerospaceplane or to the weight of 140 to 200 passengers in a
hypersonic transport. In terms of the two-stage space launch system used as
the standard of comparison in the Marquardt studies, the reduction in enaine
weiqght is worth 2100 pounds of payload in orbit, an improvement of 10%.
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Ramjet Installation

A comparative analysis of three generic types of ramjet installation was made

in order to compare the axisymmetric pod embodiment of the duPont Jet Engine to
two other possible confiqurations: a two-dimensional enaine with variable in-
let contraction ratio and a fixed geometry integrated engine configuration such
as the Langley three-dimensional engine. The comparison demonstrates the two-

dimensional engine with variable contraction ratio to be the best from an
engine-fuel-consumption-for-acceleration standpoint - the pod engine is next,
and the three-dimensional integrated engine is the least efficient. From a
design-point cruise performance standpoint the two-dimensional variable inlet
engine and the two- or three-dimensional fixed geometry engines are nearly
equal, and the pod installation is less efficient. The pod is by far the
lightest in weight, and the two-dimensional engine with a variable inlet is
the heaviest. ?

The performance as an acceleration engine is presented in Figure 35 as the
ratio of thrust minus drag of a pod installation or just the thrust of an
integrated engine to the thrust of a fixed geometry integrated engine as a
function of free stream Mach number. The term "inteqrated engine" is defined
as an engine whose external surfaces are aligned with the local flow so that
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Figure 35. - Relative thrust of ramjet configurations
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the only external drag force on the engine is skin friction. This arrange-
ment is schematically compared to a pod arrangement in Figure 36. A pod is
integrated into the airplane by considering such additional factors as direc-
tional stability, propulsion effects on pitch trim, and favorable interference,
but for the purposes of this discussion "integrated" means an installation

\\_—_—

Integrated

Pod

Figure 36. - Ramjet installations
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with no external wave drag. One of the purposes of the integrated engine is to
eliminate external wave drag which simultaneously reduces skin friction on the
nacelles. Another related purpose is to obtain an enqine exit area greater
than the inlet cowl area without incurring nacelle wave drag and thereby
attaining nozzle expansion ratios that might be impractical with a pod. In so
doing the base drag or drag of the rearward sloping portions of the aircraft
can be reduced by using some of these surfaces as part of the expansion nozzle.

Two effects are apparent in Figure 35: pod drag 1imits the ratio of nozzle
exit to cowl area to 2.0 for axisymmetric installations, while a value of 3.5
js possible for the integrated installations; and the two-dimensional engine
obtains the benefits of variable contraction shown in Figure 37 at the expense
of engine weight but without incurring nacelle drag penalties at high speeds.
The axisymmetric engine obtains the benefits of variable contraction at the ex-
pense of pod drag but with very little weight addition. The benefits of vari-
able contraction outweigh the pod drag penalties over most of the speed range
when acceleration performance is being considered. Since the pod is lighter
and has better acceleration performance to high Mach numbers, it is clearly a
better choice over a fixed geometry engine for an accelerating airplane such as
an aerospaceplane.

AC/AZ

Figure 37. - Inlet contraction ratio versus flight Mach number
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The choice between a variable geometry two-dimensional engine and a pod must be
made by studying the effect of trading fuel consumption for engine weight in a
given mission. The Marquardt study reported in Reference 7 performed such a
trade-off for a two-stage space booster and found that a two-dimensional inlet
integrated with an axisymmetric engine improved the payload in orbit 1300
pounds out of approximately 20 000 compared with an axisymmetric inlet. The
Marquardt study apparently considered only the nacelle drag and weight changes
associated with the inlet. The engines used in both cases were axisymmetric
ejector ramjets. When the engines considered in Reference 7 are made two-
dimensional instead of axisymmetric an additional engine weight penalty of

47 000 pounds is incurred based on the weight summary in Table VII and the
engine size corresponding to 275 square feet of cowl area used in Reference 7.
This weight penalty results in a loss of 3400 pounds of payload in orbit.
Adding 3400 pounds to the -1300-pound penalty assianed to an axisymmetric inlet
alone produces 2100 pounds additional payload in orbit from axisymmetric pods
compared to a two-dimensional variable-geometry inteqrated inlet installation.

TABLE VII. - DERIVATION OF TWO-DIMENSIONAL
DUPONT JET ENGINE FROM SCRAMLACE DATAY

duPont Jet duPont Jet
axisymmetric SCRAMLACE  2-dimensional
weight (1bs) weight (1bs) weight (1bs)

Liquid air subsystem 1080 2 790 1 080
Rocket 635 » 1 590 1170
Mixer, diffuser, combustor 31151 3,540 4 9808
Controls 150 170 150
SUBTOTAL, BARE ENGINE 4980 8 090 7 380
Variable inlet 23101 6 550 6 550
Engine cowling 660 5907+ 5907 T
Development margin 15% 1195 2 285 2 180
TOTAL, PODDED ENGINE 9145 17 515 16 700

TEngines are adjusted to 44.2 ft2 of inlet cowl area corresponding
to a 90-in cowl diameter duPont Jet Engine.

"The duPont Jet Engine combines the inlet diffuser and combustor, so
the physical boundaries between the inlet and the other items were
somewhat arbitrary.

SSCRAMLACE design is scaled to the duPont Jet Engine airflows with
all titanium parts changed to nickel base alloys.

ttBased on 2 1bs/ft2 of bottom and two sides of the engine plus 25%
for closeout and attaching hardware.
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In a single-stage-to-orbit analysis, the trade-off favors reduced weight at
the expense of fuel consumption even more heavily than in a two-stage system.
In this case the use of podded engines increases the payload by 16 500 pounds
compared to use of integrated engines with a variable geometry two-dimensional
inlet. The fuel consumed to Mach 14 as a function of thrust/drag at Mach 14
to adjust the weight at rocket ignition is presented in Figure 38. The rocket
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Figure 38. - Weight at Mach 14 versus thrust/drag at Mach 14

mass ratio used from Mach 14 to orbit and return is 2.118. Elimination of pod
drag increases the thrust/drag from 1.84 to 2.30 and increases the weight at
rocket ignition from 493 000 pounds to 515 000 pounds which in turn increases
the zero fuel weight by 10 400 pounds. The increased engine weight required to
transform the duPont Jet Engine pod to a rectanqular engine with a variable
geometry inlet is approximately 30 200 pounds based on a comparison with the
SCRAMLACE engine shown in Table VII. The reduction in hydrogen tank weight due
to lower airbreathing fuel consumption (estimated at 15% of the difference in
fuel to Mach 14) is 3300 pounds. Adding the additional engine weight and sub-
tracting the tankage adjustment and the increase in zero fuel weight gives a
net loss of 16 500 pounds of payload. The conclusion is that a podded instal-
lation is preferred for both a two-stage space booster and a single-stage aero-
spaceplane.

Hypersonic cruise presents a different picture for evaluation of engine con-
figurations. Since cruise represents flight at a single Mach number, a fixed
geometry engine will be operated at its design-point for a significant period
of time, and a large portion of the total fuel used will be burned at this con-
dition. The integrated engines have a performance advantage at cruise over
podded engines. The weight savings inherent in fixed geometry will make the
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choice between the two integrated engine types favor the fixed geometry if only
cruise is considered. If acceleration is considered, however, the importance
of variable geometry in enhancing acceleration performance must be traded off
against the cruise fuel consumption penalties involved in axisymmetric pod drag
which are of the order of 20%. The Marquardt study (Reference 7) places the
pod drag at 19% of the airplane drag. To maintain the acceleration thrust of
the duPont Jet Engine shown in Figures 29 and 30, a contraction ratio of 5 or
less is necessary in a fixed geometry engine. The swept-back struts on the
Langley three-dimensional engine may enable it to pass more flow at low speeds
and provide the same thrust at a contraction ratio higher than 5. Best per-
formance at Mach 6 is obtained with a contraction ratio of 10 (see Figure 37).
Therefore the engines must be up to twice as large if they are to be fixed at
the optimum cruise contraction ratio compared with variable contraction. If
the contraction were fixed at 5 to maintain the engine size, the performance in
cruise would be reduced 13.5% (Reference 7) which represents a reduction in
performance approaching the pod drag. Unless the airplane inherently requires
a large cowl area in cruise, the pod would be a better choice than the fixed
geometry engine with a contraction ratio of 5 because it would have almost
equal performance and would be lighter in weight. The swept-back struts used
in the Langley three-dimensional engine could potentially increase the throat
area during unstarted operation and give the engine more competitive accelera-
tion thrust without an increase in cowl area.

In a typical 4000-mile flight, a 500 000-pound takeoff weight aircraft would
cruise for 3200 miles at Mach 6 consuming about 90 000 pounds of fuel with four
podded engines and 74 000 pounds with integrated engines. About 75 000 pounds
of fuel would be consumed in climb and descent. The difference is about 10% of
the total fuel consumed in a typical flight. If the engine package were
heavier by 16 000 pounds plus 10% of the payload, the cost per seat mile or per
ton mile would remain the same. A typical payload at 4000 nautical miles with
four duPont Jet-podded Engines is 84 000 pounds. The breakeven weight differ-
ence is 24 400 pounds. From Table VII, the difference in engine weight is

30 200 pounds which is 5800 pounds above the breakeven weight. Therefore, the
podded engines are more economical than the variable geometry two-dimensional
engines by 10% of fuel cost per seat mile. A fixed geometry engine with swept-
back injection struts would represent a competitive solution if its weight
could be reduced to be no greater than 24 400 pounds above that of the four
podded engines without greatly reducing the optimum cruise contraction ratio.

Differences Between SCRAMLACE and duPont Jet Engine Cycles

The composite cycle that most closely resembles the duPont Jet Engine cycle is
the SCRAMLACE. Two essential differences account for the duPont Jet Engine's
superior cycle performance. The duPont Jet Engine cycle injects the primary
air at 1800°R which is the temperature that gives the maximum inlet pressure
ratio as shown in Figure 39. SCRAMLACE injects the primary air at a tempera-
ture resulting from stoichiometric combustion which gives less than the
optimum pressure ratio as shown by the right-hand portion of the curve

60




IR
S N B S RN
Pt2/Pt TR SR EEESITEEE) TR ERE I E T
T
L S L IO I T O B S
i e e e ST
|' ! ! . L
T T
1.0 7000 2000 3000 4000
Ty (°R)

Figure 39. - Inlet pressure ratio versus primary stream total temperature

in Figure 39. The over-all equivalence ratio of SCRAMLACE is considerably
higher than the maximum equivalence ratio for which the duPont Jet Engine was
designed, which increases thrust at the expense of specific impulse. At take-
off the duPont Jet Engine delivers 50 000 pounds of thrust at an equivalence
ratio of 1.65. SCRAMLACE delivers 111 Q00 pounds at an equivalence ratio of-
3.52. The duPont Jet Engine specific impulse at takeoff is 1840 seconds and
SCRAMLACE is 1245 seconds.

The lower equivalence ratio of the duPont Jet Engine reduces the heat exchanger
airflow and therefore the heat exchanger size. At the same cowl area the
duPont Jet Engine has one-fifth the heat exchanger airflow required by
SCRAMLACE. At the same takeoff thrust, the duPont Jet Engine would have 44% of
the heat exchanger airflow of SCRAMLACE. The SCRAMLACE heat exchanger.system
weight per unit airflow is about one-half the value developed for the duPont
Jet Engine. While part of this difference is accounted for by the antifouling
provisions provided by duPont, some of it must reflect a higher degree of
optimism with respect to heat exchanger weight used in the SCRAMLACE study.

The reduction in heat exchanger flow by four-fifths in the duPont Jet Engine
makes the packaging and antifouling of the heat exchanger more practical.
Injection of the primary air at 1800°R instead of stoichiometric temperature
reduces the duPont Jet Engine injection system complexity and weight compared
to the regeneratively-cooled systems employed in SCRAMLACE.
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Relative Development Risk

The duPont Jet Engine has lower development risk and considerably lower devel-
opment costs than the other engines studied. The turboramjet and the SERJ
engine both require the development of a turbine engine, and in the sizes con-
templated for operational aircraft this represents an extremely expensive
program in itself. The SCRAMLACE and the duPont Jet Engine do not require a
turbine engine development. The lower heat exchanger airflow and lower pri-
mary stream injection temperature make the duPont Jet Engine development less
expensive and less risky than SCRAMLACE. The weight and size of the duPont Jet
Engine heat exchanger are consistent with present plate-fin heat exchangers.
The antifouling technique of cycling a portion of the heat exchanger is current
practice in portable LOX plants. The smaller airflow makes this technique
practical.

When configurations of the duPont Jet Engine are assessed versus development
risk, the axisymmetric pod is far ahead of the two- or three-dimensional
engines with respect to time, risk and cost. The axisymmetric engine has the
simplest aerodynamic flow field and the engine flow is handled entirely by the
engine itself, eliminating extensive development and testing of compression and
expansion surfaces which are part of the aircraft. The engine's symmetry elim-
inates the pitch trim changes with power and speed changes present in the inte-
grated installations. Similarly inlet spillage is symmetrical, eliminating
pitch trim changes from this source. The structural concepts and weights for
the duPont Jet Engine pod were taken directly from the Hypersonic Research
Engine which has been built and tested in the Langley hot structures tunnel.
The podded version of the duPont Jet Engine therefore has the least risky
design and the most reliable weight of any of the engine cycles studied or of
the integrated configurations of the duPont Jet Engine considered for com-
parison. Because the background on axisymmetric engines is so extensive and
because the engine can be developed and tested independently of the airframe,
an axisymmetric engine can be developed with a lead time of four to ten years
less than an integrated installation.
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CONCLUSIONS

The preceding discussions and analyses which constituted the study of an air
augmented convertible scramjet engine support the following conclusions:

An air augmented convertible scramjet engine (duPont Jet Engine) can be built
which offers an improvement over combined turbojet-ramjet designs and pre-
viously known composite cycles because it obtains static and- Tow flight Mach
number thrust by using the liquid hydrogen fuel to liquefy intake air which is
subsequently injected at high pressure into the inlet to provide flow through
the engine and therefore thrust.

The duPont Jet Engine pcomises a lighter weight than many previously proposed
engines using a weight basis consistent with the Hypersonic Research Engine
whose flight-weight structure has been successfully tested.

duPont Aerospace Company, Inc.
Torrance, California, April 15, 1972.
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APPENDIX

METHODS OF ANALYSIS

The following subsections describe the methods, sources and equations used in
developing and implementing the analytical performance model and in analyzing
the air liquefaction cycle in the heat exchanger of the duPont Jet Engine.

Analytical Performance Model

The analytical performance model for the duPont Jet Engine was based on
equilibrium chemistry of arbitrary reactants. Although the current concept of
the engine is restricted to the use of hydrogen-air reactants, the analytical
model was designed to accept arbitrary reactants for possible use in predicting
theoretical performance for comparison with wind-tunnel tests conducted with
vitiated air. The model was designed to predict either design-point or off-
design performance. The flow conditions at the inlet throat were based on a
one-dimensional analysis of the mixing of the primary and secondary streams in
the ramjet inlet. The analyses downstream of the inlet throat were based on
classical ramjet techniques with the exception that in the off-design mode
three solutions were obtained at the combustor entrance. The three solutions
were necessary to predict performance based on subsonic diffusion, shock-in-
diffuser or superson1c combustion depending on the flow conditions in the
nozzle throat since conditions there can not be known 2 priori. When the free-
stream Mach number became greater than unity, the engine was assumed to be com-
pletely submerged in the pressure field behind an oblique shock as shown in
Figure 40. The calculation of the pressure field represented the only depar-
ture from one-dimensional flow in the analysis. The following paragraphs
describe in detail the methods, sources, and equations used in the calculation
of chemical equilibria and in the implementation of the analytical performance
model of the duPont Jet Engine.

Calculation of chemical equilibria. - The analytical performance model uses the
ICRPGT reference program ODE described in Reference 10 to calculate the species
concentrations and thermodynamic properties in the four chemical systems
present in the duPont Jet Engine. The version of the cited reference program
used was that reported in Reference 11 with the exception that the options to
calculate the enthalpy potentials and transport properties were removed because
of space limitations. The maximum number of species in a chemical system was
reduced from 150 to 50 for the same reason.

tInteragency Chemical Rocket Propulsion Group.
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The cited reference program minimizes the Gibbs free energy (see Reference 12)

as the condition for chemical equilibrium with the independent variables

—
n

To

P = Po

and the composition variables nq, which represent the number of moles of
species j in the phase a. The &ibbs free energy can be written as

6 = G(p, T, nj)

Since the Gibbs free energy is an extensiveuproperty, equation (3) must
be a first degree homogeneous function in nj. This leads to

G= ¢ anj
where the chemical potential u% is defined as

a_ ¢
8G/3nj 2 My

The conservation of elements in the ghemica] system (which constitute
the constraints on the variations anj) may be written as

L (z aijn%‘-b?)=0‘
i J,a
where the formula numbers a;; represent the number of atoms of the ith

element in the jth species,1gnd the specific formula numbers b; represent
the total number of gram-atoms of element i in the system.

The fundamental function for the variational problem may be written from
equations (3) and (6) as

g==0G+ L2y (_Z a3 ng - b%)
1 J,o
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where the Lagrangian multipliers A were introduced so that all of the sn$
could be considered independently variable. The condition for equilibrium
is obtained by setting the first variation of the Functional (7) equal to zero

0
6= & (wj+Ijaqj)enf+z(z ajyn]-by)eri=0 (8)
Jsa i i J.a

Treating the 6x; and eng as independent variations gives

u§+);>\1- aij=0 (9)
1

and also equation (6) which, along with equations (1) and (2), represent a set
of nonlinear equations defining a thermodynamic state of the chemical system
that can be solved by iterative techniques to obtain the equilibrium composi-
tions of the species and the Lagrangian multipliers.

The use of equations (1) and (2) in forming the Functional (7) implies that
the thermodynamic state of the chemical system was specified by an assigned
temperature and pressure. This specification will hereafter be referred to as

the TP problem. In general, any two equations involving T, p, and n% may be
used to define the thermodynamic state. Equation (1) may be replace% by

H(T, P, ng) = HO (]0)

(where H in the enthalpy of the products and H, is a constant equal to the
enthalpy of the reactants) to define the HP problem, or by the entropy function

S(T, p, n3) = Sg (1)
to define the SP problem. The problem designations TP, HP, and SP will be used

in the following paragraphs to describe the thermodynamic-state calculations.

Freestream conditions. - The calculation of freestream conditions requires the

specification of the freestream Mach number (M), and pressure (p=). If the
altitude (h) and the deviation from standard temperatures (AT,) are specified,
the side calculations

Po = f(h, v)
and

T°° = g(h’ V) + AToo
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are made to obtain the state variables. In these equations f represents the
altitude function for pressure, g represents the altitude function for tem-
perature, and v represents either geometric or geopotential atmosphere. The TP
problem is solved for the equilibrium concentration of the species and the
freestream static conditions at the thermodynamic state defined by p, and T..

The freestream total enthalpy is obtained from the energy equation

M2 (v PRT)a
e, = Ho ¥ —05—

where n is the reciprocal of the molecular weight, R the gas constant, v, the
isentropic exponent™, g the acceleration of gravity and J the energy conversion
factor. The initial estimate of the freestream total pressure is obtained from
the ideal gas relationship

Pi(;i)t Po L1 + (Y-1) M2/2] v/ (v-1)

and the SP problem is solved for hsﬂfreestream total conditions at the thermo-
d{:3mic state defined by S, and pjN)". Iteration is made on the total pressure
p until ®

|(He_ - HEP/H | < e

Pressure field. - The pressure-field calculation requires the specification of
either the angle of attack (&) or the Mach number (Mg). If both parameters are
zero, the conditions in the pressure field are identical to those in the free-
stream. If My is specified, either the total pressire (pt,) or the static
pressure (pp) must also be specified.

tThe isentropic exponent is used to calculate the velocity of sound throughout
the engine with the exception of the frozen expansions in the nozzle. In this
case, the ratio of specific heats is used. The subscript s will be deleted
hereafter for convenience.

"The superscript (1) denotes the initial estimate of the independent variable;
the superscript (n) denotes the value of the independent variable after the
nth iteration.
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When 6 > 0 and My > 1, the initial estimate of the shock angle (c) is obtained
from the middle root of the cubic equation

y3+by2 +cy+d=0

where
y = sinZc
b=- (M2 +2)/M2 - v sin?s
c = (2M2 + 1)/M% + [(v+1)2/4 + (v-1)/M2] sin2s
‘ d = -~ (cos2s)/Ms
and

0(1) = sin”! y(2)

From the details of the oblique shock system shown in Figure 41 the continuity,
momentum, and energy equations across the shock may be written as

and
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Figure 41. - Oblique shock system

From these equations and the initial estimate of the shock angle, the con-
tinuity, momentum, energy and state equations may be written

w/m) M = wn). sin o™Lsin (o{M- 6)3 (12)

o™ = b+ (WA)L(Varg) sin2 dMD1 - tan(o{M- s)ztan oM (13)
vin) = v cos o™ /fcos(cM)- 6)3 (14)

Hi) = Heo - v3(")s2gj (15)

™) < oMM M) (16)

where ny is the reciprocal of the molecular weight. The HP problem can now be
solved for the static condi i?ns in the pressure field ?t the thermodynamic
state defined by pzn and Hg" . Iteration is made on ¢ n) repeating the cal-
culations in equations (12) through (16) and solving the HP problem until

oway™ - wm) M om M) < e
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The initial estimate for the total pressure is obtained from the ideal gas
relationship and the total conditions in the pres use field are determined by
solving the,SP problem with the state variables ptg and So- Iteration is
made on p g) until

| (g - HEG) ) Mg < o

If M, and pg, are specified, the HP problem is solved for the total conditions
in the pressure field using the state variables Pt and Hy,. The initial
estimate for the static pressure is obtained from ghe idea? gas relationship
and the SP problem is solve sor the static conditions in the ?rsssure field
using the state variables py"/ and S,. Iteration is made on p\") until

| (Mg - Mén))/Mol <€

h 1

When M, and p, are specified, obtain the first approximation for entropy from

s{1)

= Scn,

and solve th ?P problem with the state variables P, and Sgn) to obtain Mé").
Iterate on Sz" until

n
1y - MMy )< e
The procedure for obtaining total conditions is identical to the ¢ > 0 case,
above.
When My > 1, the flow is passed through a normal shock before entering the
primary and secondary inlets as shown in Figure 40. In the following formula-

tion, the conditions downstream of the normal shock are denoted by the sub-
script o - those upstream by the absence of a subscript.

A
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The continuity, momentum and energy equations may be written as

(W/A) = (W/A)
Ivacy = Ivac
and
Hip = Hy
where
WA=gpV/nRT
and

Ivac = V/g + p/(W/A)

The initial estimates of static and total pressures downstream of the normal
shock may be obtained from the ideal-gas relationships

M§2 = 1/M*2 = [1 + (v-1)M2/2]/[ (v+1)M2/2]

LS

MZ = 2ME2/[(v+1) - (v-1)M%2]
p(1) L i1+ 2v(M3 - 1)/(v#41))

ply) = o001 + (v-1mgr22™ ()

The total conditions downstream of the no 31 shock may be obtained by solving
the HP problem with the state variab!ec p

be solved with the state variables p rd Sz to obtain the static
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conditions. Iterative procedures may be used with pé") and pS") repeating the
HP and SP calculations until 0

| (Ivac, - Ivacén))/lvacol < e

and

ILOW/AY, = (/)M 17 iraY,] < e

Ejector. - The ejector consists of the primary and secondary flow systems as
shown in Figure 40. Air enters the primary inlet at flow conditions behind the
normal shock in the pressure field. The primary flow is induced by the volume
change of the air as it is cooled, condensed and pumped from the heat
exchanger. The primary air is pumped to a high pressure in the 1iquid phase,
combusted with sufficient hydrogen to raise the temperature of the primary
stream to about 1800°R, and injected at a high velocity through a supersonic
nozzle ahead of the internal compression surfaces of the secondary inlet where
it induces a secondary airflow. In the accommodation region between the injec-
tion station (i) and statien 1, the primary and secondary streams adjust to
uniform pressure, the processes are assumed to be isentropic, and shear forces
between the streams and the walls are assumed to be zero. Mixing occurs down-
stream of station 1 and is assumed to be complete at station 2 - the inlet
throat. The flow processes between stations 1 and 2 are non-isentropic due to
mixing, to finite shear forces and heat transfer between the streams and the
walls and to the degradation of the primary stream momentum at station 1 by the
velocity coefficient, Cy» and the injection angle, 8'. The off-design analysis
of the ejector will be discussed in the following paragraphs. The design-point
analysis may be deduced from the material presented. In general, an off-design
analysis determines the flow parameters and performance in a fixed-geometry
engine while a design-point analysis determines the engine geometry from
specified flow parameters.

Primary air system: The independent variables in the primary air system are
the total pressure, Pt» and the equivalence ratio, ¢', which are determined to
match the dependent variables - flow per unit area in the primary nozzle
throat, (W/A),, and the primary stream total temperature, Ti, respectively.
The flow in the primary stream is determined by the total fuel flow in the
engine, th, the total temperature of the primary air at the entrance tg the
heat exchanger, T¢,, and the quantity of hydrogen, w;, required to attain the
total temperature in the primary combustor. As discussed on pages 19 and 20,
above, when the pressure dependence was eliminated, the condensation ratio
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could be expressed as a linear function of the total temperature in the free
stream as shown in Figure 6. Hence

r = -0.001589404 T¢ + 7.0198676 (17)
where

rE Wa/Wpy

and Wy is the mass flow of primary air liquefied in the heat exchanger. The
energy levels in the primary combustor are taken to be those of the hydrogen
and air at the exit of the heat exchanger. The energy added to the air from
the pump work was not considered since it was subsequently removed as pump
work. The energy levels were determined by an analysis of the air liquefaction
cycle and are tabulated in Tables VIII and IX for air and hydrogen, respec-
tively. There would be a small variation in the energy levels of air and
hydrogen as a function of freestream Mach number and altitude had the pressure
dependence on the air liquefaction cycle been retained.

TABLE VIII
ENERGY LEVEL OF AIR

Weight Enthalpy T
Species 1%3 (CAL/gm-mole) (°k)
N 75.57 -1531.2 78
0 23.15 -1522.7 78
AR 1.28 -1093.7 78
TABLE IX s

ENERGY LEVEL OF HYDROGEN

h Enthalpy T
Mo (ft) (CAL/gm-mole)  (°K)
0.0 0 -879 164
0.5 36 000 -982 147
1.0 36 000 -933 155
1.5 36 000 -825 173
2.0 36 000 -704 193
2.5 36 000 -547 217
3.0 36 000 -386 241
3.5 36 000 -237 263
4.0 36 000 -116 281
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The engine geometry and over-all equivalence ratio, ¢4, are the specified
parameters in the off-design ana1¥sis. Initial values of the total fuel flow,
Wet, and the equivalence ratio, ¢, and total pressure, p{, in the primary
combustor are assumed. The condensation ratio, r, is obtained from Equation
(17) and the entrainment ratio of secondary to primary airflows, u, is
calculated from

wE WMWY = 1/(r 6t 0F) - 1
where ¢* is the stoichiometric mixture ratio,

- n
w; = rw$t)
and

The total enthalpy of the reactants in the primary combustor are calculated
from the energy equation

m (™) < po/e)y (M + meel/01 + (0rm) (M
where the oxidant-to-fuel ratio is defined by
(O/F)(n) = ]/¢'(n)/¢*

The conditions in the primary gombustqr are obtained by using successive values
of the independent variables ¢ and pt until the dependent variables Tt and
(W/A)+ are matched as described in the following four steps.

(1) The HP prob]?ﬁ)is solved with the state v?aiables pé(") and H{(n)

to obtain T¢\N/. Iteration is made on ¢'\M) until
178 - 1M1y < e

(2) Thé flow is expanded to sonic condj%i3ns by solving the SP
problem with the state variables S \NJ) and

pL(l) = pi(n)[Z/(Y+])]Y/(Y-1)
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to obtain M;("). Iteration is made on p;(") until
|M-'k(n) - '|| < €

(3) The dependent variable, (W/A)x, is calculated from the
continuity equation

(W/A)x = Wa(1 + ¢'9*)/As

to solve for the independent variable, p%, and the current value
of the dependent variable is obtained from

r(n)

where V, js the sonic velocity.

(4) Iteration is made on pt( n) repeating steps (1) through (3), above,
until

LAY - A ™ 1y urmys) < e

F1na1]y, the tota] entrainment ratio, ut, primary fuel flow, wf, and total
primary flow, W', are obtained from

1

ug = (0/F) w /(1 + O/F)

u

Wy/ (0/F)

and

=
[l

] 1
= Wy *+ e

Accommodation of primary and secondary streams: In the accommodation reg1on
between the injection station (i) and station 1 (see Figure 40), the primary and
secondary streams are expanded isentropically to a uniform static pressure
which satisfies the flow area at station 1. In the event that the combined
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primary and secondary flows can not pass station 1, the total fuel flow, Wgy,
is reduged until the combined flows are maximized. The procedure is described
in detail in the following three steps.

(1) An initial value of p, is chosen such that the secondary stream
remains subsonic. That is

oy < ™ < pyg (18)

with the state vgri%bles P/, S and S, to obtain
(w/A), (n), (W/A);(n) and

(2) The SP problem is solved fo?ngoth primary and secondary streams

Agn) - W'/(N/A)i(n) + W"/(W/A)'l'(")

X

Iteration is made on pl(") subject to the constraint (18) until
1A, - My < e (19)

(3) If the combine? §1ows can not pass station 1, reduce the total
fuel flow, Wep'M™/, and repeat th? Srimary is system calcula-
tions. Iteration is made on Wg\M) and py N/ until the con-
straint (19) is satisfied with Ehe additional constraint

3L(W/A), /01 + uy(W/A) /(W/A) 1}/2p, = O
to maximize the flow through A,.

Mixing of the primary and secondary streams: A general one-dimensional analy-
sis was applied to the mixing of the primary and secondary streams between
station 1 where they were assumed to have adjusted to a uniform pressure and
station 2 where mixing was assumed to be complete. The reactants in the pri-
mary and secondary chemical systems were merged to form the chemical system at
the end of mixing. A1l reactants in the secondary system were converted to
oxidants and, if the number of elements present was less than six, the reac-
tants were combined into a single pseudo-reactant by using the specific formula
numbers of the elements. The pseudo-reactant has a molecular weight of unity
and an assigned enthalpy equal to that of the free stream. The oxidant-to-fuel
ratio of the mixed streams was determined from

(0/F), = (W" + W.)/Wg
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and the equivalence ratio from

95 = 1/[(0/F), ¢5]

The following equations apply to both prescribed pressure and prescribed area
mixing between stations 1 and 2.

momentum equation
Wy Vo/g + py Ay = W) Vy/g + Wy V) Cy cos B' + py Ay + (p1 + pp)(Ap - Ap)/2
- C¢ AyL(Wy V] Cy cos 8' + W) V])/2gA; + (W/A), V,/291/2

where C¢ is the skin friction coefficient, A, the wall surface area, and the
pressure integral on the wall is approximatey by the average of the pressures
at stations 1 and 2. Combining terms in the momentum equation and solving for
the velocity at station 2 yields

Vp = {(1 - Cp AAAD) (W' V" + W' V' Cy cos B')/W,

+ g(py - p2)[(A/Wo) + 1/ (W/R) 1/2}/ [0 + Cg Ay(W/A),/4W,]

(20)
energy equations '
Hyp = (Ht + wg Heo)/ (1 + ug) + Qua/¥, (21)
and
2 .
H, = Ht2 - V2/29 (22)

where Q;, is the heat loss (-) or gain (+) through the walls between stations 1
and 2.
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continuity equations

W, = Wy + W) (23)
and

Wo =90y Vo Ay (24)

equation of state
pz/pz = Ny R T2 (25)

second law

Sz > (S' + mug So)/(1 + wy) (26)

Equations (24) and (25) may be combined to yield
(W/A)2 =g pp Vo/na R T, (27)

Equations (20), (21), (22), (23), (27) and two equations implicit in the HP
problem represent a system of seven equations in the eight unknowns V,, Hts,
Hys P2, Wo, Ap, Ny and T, so that if either p, or Ay is specified, a solution
to the mixing problem is possible.

When performing design-point performance analyses, the wall surface area

between stations 1 and 2 is not generally known. In this case, the length, ¢,
of the mixing tube may be specified in the number, Ny, of hydraulic diameters,

Dh, so that -
L= NdDh
where

Dh =4 Rh = Z(Ro - Ri)l
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in terms of the unknown inner and outer radii of an annular mixing tube at
station 1. The wall surface area may be approximated by

Ay = 8 Ng 7 (Rg? ~ R;2) = 8 Ny A, (28)
for prescribed pressure mixing, and exactly by

Ay = 2 Ng AL (1 + Ay/A;) (29)

for prescribed area mixing. These equations are also valid for cylindrical
mixing tubes.

prescribed pressure mixing

The flow area at station 2 is assumed equal to that at station 1, the static
enthalpy is obtained from Equations (20), (21) and (22), the HP problem is
solved with the state variables p, and HiM nd (W/A) n) is obtained from
Equation (27). The current values of (W/A)ln are substituted successively
into Equation (20) and the above calculations are repeated until

m§™) = iy um i) e

A single solution - sonic, subsonic, or supersonic - is always obtained for
prescribed pressure mixing. If the solution is supersonic and does not violate
the second law, the flow is passed through a normal shock. In all valid solu-
tions, the Kantrowitz area is obtained and assigned to the inlet throat at
station 2.

prescribed area mixing
An initial value is assumed for the static pressure at station 2, the static
enthalpy is obtained from Equatiogs (20), iZS) and (22),£ﬁ?e HP problem is

solved with the state variables p n) azd HiAN/, and (W/A) js obtained from
Equation (27). Iteration is made on pi"/ until

ILW/A), - (/A)EM 17 iAY, | < e (30)

The two roots of the preceding system of equations when used with prescribed
area mixing correspond to conditions on either side of a normal shock; however,
the root corresponding to the subsonic {or sonic) solution is always obtained
in the current analysis. In the event that the flow can not pass through the
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prescribed area at station 2, the total fuel flow, Wsy, is reduced and the
calculations for the primary air system, the accommodation region (station 1)
and prescribed area mixing (station 2) are repeated. The equations in. the
three systems are iterated with the independent variables pZn and wlm) until
the constraint (30) is satisfied and t

[CRERTINE

Diffuser. - The analysis of the diffuser in the performance model is identical
to that in Reference 11 for obtaining design-point performance. In the case of
off-design performance when the flow at the inlet throat at station 2 is sonic,
the three solutions representing subsonic diffusion, supersonic diffusion and
supersonic diffusion with normal shock are obtained at the combustor entrance
(station 3). The continuity, energy and momentum equations in the diffuser may
be written as .

h

W3 = N2(1 + BLF23)

Hgs = Hea + Qa3/W3

and

3 - -
Ivacy = [W,Ivac, + £pdA - Gp3A,3CF051/W, (31)

where BLF,3 is the percentage bleed (:) and q,3 is the average dynamic pressure
in the diffuser. The problem in using Equation (31) arises in the evaluation
of the pressure integral since it is impossible to know the pressure variation
between stations 2 and 3 with the dissipative terms (heat loss and friction)
present in the energy and momentum equations. This problem can be resolved by
dividing the diffuser into several sections, expanding (or diffusing) the flow
isentropically through the successive sections while introducing a portion of
the dissipative terms at constant area following each isentropic expansion. In
the 1imit, this procedure should produce quite accurate results. The method
will be described in the following paragraphs by (1) expanding the flow isen-
tropically from station 2 to f (see Figure 40), (2) introducing all of the
losses at constant area (station f'), and (3) expanding the flow isentropically
to station 3.

The area ratio at station f is taken to be the mean between stations 2 and 3.

Ae/hy = (1 + A3/R)/2
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and the mass flow per unit area may be written as
(W/A)F = (W/A), Ay/Af

The initial estimate of ps is obtained from the following real-gas relation-
ships

M¢ = F(As/Ay, My, )

P#l) = pga[1 + (Y-])M%/z]‘Y/(Y'l)

The static ?ogditions are obtained by solving th? SP problem with the state
variables pfn and S,. Iteration is made on pfn until

- (w/A)§">/(w/A)f]| <€
and the following parameters are calculated
Ivace = Vg/g + pg/ (W/A)g
- 2
qf = Yprf/Z

The vacuum specific impulse and total enthalpy are corrected for friction and
energy loss as follows:

Awzs = (Aw2a/Ac) Ac
T3 = af Cfa3
Fger = Ivace W3 - T3 Awzs

Ivacf- = Ffl/w3
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(W/A)gr = (W/A)g

Heer = Hes
The initial estimates of total and static pressures are obtained from

(1) |
Pegt = 0-8 Pyr

pft) = {0+ (o121 0D

and the HP problem is solved with the state variables pé?’ nd Heer to,obtain
the total conditions. Then the SP problem is solved iSh pi? and S D) to
obtain the static conditigns. Iteration is made on pz? and p#? until

“ = Ivac#’-‘)/lvacful < €
and
11 - M WY < e
Finally the flow is expanded isentropically from station f' to station 3 where

Ptz = Ptf!'

(WA)3 = (WA),(A/A3)(1 + BLF33)
and
S3 = Sf¢

The initial estimate of p; is obtained from the idegl-gas relationships, and
the SP problem is solved with the state variables p n) and S, tg gbtain the
static conditions at the diffuser exit. Iteration is made on pzn until

11 - (A (ua)4) < e
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The above analysis is valid for both subsonic and supersonic diffusion. A
third solution is obtained by diffusing supersonically and passing the flow
through a normal shock at station 3.

Combustor. - All reactants present at the entrance to the combustor are changed
to oxidants. The weight fractions of fuels, WFy, and oxidants, WFg, are
changed to WF; as follows:

WFy,i = (0/F)oWFg i/01 + (O/F)2] , i =1, N

WO, 4Ny = WFg,i/01 + (0/F)2] , i =1, Ng

and
No = No + Nr

where (0/F), is the oxidant-to-fuel ratio, No the number of oxidants, and Nf
the number of fuels in the mixed stream. If oxidants are injected in the com-
bustor to simulate an igniter, they are input as oxidants with mass units
(1bm/sec) instead of weight fractions. The new weight fractions of the
oxidants are calculated as follows:

WFg iW3, =1, Ng
= Wp,i(3), 1 =1, No(é)
No(3)
W3 = W3 ¢+ EE Wo,i(3)
i

=
(@]
.
+
=
O -
]

Ny = N+ Nol3)
WFy,i = Wo,i/W3, i =1, N

where W, ;(j) denotes the mass flow of the injected oxidant i, and Ny(j) the
number of injected oxidants. The oxidant-to-fuel ratio of the reactants in the
combustor is

0/F = W3/ (Wfy - Wf)
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where We was the fuel added in the primary combustor. The equivalence ratio in
the combustor is obtained from

b = 1/0(0/F)o¢]

which may differ from the over-all equivalence ratio ¢t because the fuel
injected in the primary combustor was changed to an oxidant at the entrance of
the combustor. This change is reflected in both the oxidant-to-fuel ratio,
0/F, and the stoichiometric mixture ratio, ¢%. Chemical or mixing efficiencies
may be simulated in the combustor by the concept of an inert element, or
molecule, which has the identical properties of a fuel but which is not per-
mitted to react with any other species.

The one-dimensional analysis that follows applies to either subsonic or super-
sonic combustion.

¥

momentum equation
WoVy/g + puAy = WaV3/g + p3A3 + (p3 + py)(Ay - A3)/2
- [(W/A),Vy/2g + (W/A)3Va/2g]CsAy/2 + (W, - W3)Ivace cos Bf (32)

where Ivacg is the vacuum specific impulse of the injected fuel and B¢ is the
fuel injection angle. Combining terms and solving for the combustor exit
velocity in Equation (32) yields

Vi = [(1 - CfA,/4 A3)W3V3 + g(ps - py)(Ay + A3)/2

+ g(Wy - W3)Ivacg cos Bel/W, (1 + CgA,/4 Ay) (33)

energy equations

Hew = [(0/F)uHeou + Hepu1/01 + (0/F)y] + Quu/Wy (34)

and
Hy = Hey = Vu2/29 (35)
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where Hyo, is the total specific enthalpy of oxidants and Hif, the total
specific enthalpy of fuels in the combustor, and Q;, is the cumulative heat
loss (-) or gain (+) per unit time through the engine walls between station 1
and the exit of the combustor.

continuity equations
Wy = Wy + Wep - Wi (36)
and

Wy = g pyViAy (37)

equation of state
Pu/py = NyR Ty (38)

Equations (37) and (38) may be combined as

(W/A)y = g pyVu/nyR Ty (39)

Equations (33), (34), (35), (36), (39) and two equations implicit in the HP
problem represent a system of seven equations in the seven unknowns V,, Hy,,
Hys Pys Wy, ny, and T, so that solution of the combustion probiem is possible.
One of the two roots of the above system of equations represents subsonic com-
bustion, the other supersonic combustion.

An initial estimate of the static pressure, p,, at the exit of the combustor is
chosen and Equations (33), (34) and (35) are solved frop that condition at
station 3 representing subsonic djffusion to obtain Hi" The HP problem is
solved with the state variables pgn and HE"), and (w/A)S") is obtained from
Eiustion (39). The system of equations is iterated with successive values of
pn

until

11 - wra)™) rmy) <

The flow is then compressed isentropically to obtain the total conditions at
the combustor exit. An initial estimate for the total pressure is obtained
from the ideal-gas relationship, and the SP problem is solved with the state
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(n)

variables ptﬂ and S, o)obtain Héﬂ). The SP problem is iterated using
successive values of pgi/ until

If the total pressure at the exit of the combustor is less than the static
pressure in the pressure field, a solution does not exist for the specified
engine and flight conditions. This condition was encountered in the simulation
of the duPont Jet Engine at sea-level-static conditions when very small values
of equivalence ratio were prescribed to simulate engine starting. A solution
could always be obtained under these circumstances by stroking the inlet spike
forward to increase the inlet-contraction ratio and decrease the total flow
through the engine. The net effect of this geometry change was to decrease the
Mach number at the entrance of the combustor thereby decreasing the total
pressure loss during combu;tion.

Nozzle throat. - If the flow at the combustor exit is supersonic, the nozzle
throat calculation is omitted. The conditions in the nozzle throat are
obtained by isentropic expansion of the flow at the combustor exit to sonic
conditions at station 5. An initial estimate of the static pressure is
obtained from the i?eal-gas relationship, and the SP problem is solved with the
stat? Xariab1es p&" and S,. The SP problem is iterated with successive values
of pg"/ until

ERSERE
The area at which the flow is choked is obtained from
A = W,/ (W/A)E
and the characteristic velocity from
C* = g pyy/ (W/A)X (40)

Engine control. - The method used for controlling the duPont Jet Engine depends
on whether the sonic throat area, A*, is greater or less than the actual throat
area, As. A flowchart of the control scheme is shown in Figure 42 and is
described in the following paragraphs.

If A§ > Ag the flow will not pass through the throat. If, in addition, the
combustor entrance conditions were based on subsonic diffusion, the total
nressure at the combustor exit will have attained its maximum possible value.
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Therefore, the only control feature available is the over-all fuel flow, Wgy.
In this instance Wgy must be reduced. Conditions in the primary air system,
accommodation and mixing stations, diffuser, combustor and nozzle throat are
reevaluated with successive values of Wgp until

When A% < Ag with subsonic diffusion, the flow in the nozzle throat is
subsonic. Either the over-all fuel flow may be increased or the combustor exit
total pressure may be decreased by placing a normal shock in the diffuser in
order to produce sonic flow in the nozzle throat. First, a test is made on p%.
If pt is less than the static pressure, py, in the pressure field, sonic flow
in the nozzle throat is never possiblef, and the engine performance is based on
subsonic flow through the expansion nozzle. When ps > pg and the flow had not
been maximized at either station 1 or 2, the over-all fuel flow may be
increased to produce sonic flow in the nozzle throat. Iteration on Wgi in this
instance is the same as that described above. If the flow was maximized at
station 1 (M, # 1), performance is calculated based on subsonic flow through
the expansion nozzle. If the flow was maximized at station 2 (M, = 1), the
combustor calculation is repeated from conditions downstream of the normal
shock at the diffuser exit, At is recalculated and the flowchart in Figure 42
is reentered at the symbol 1. When A% > Ag, it is implied that a normal shock
exists between station 2 and 3 in the diffuser, and the total pressure at the
combustor exit is determined so that At = A;. The initial estimates of total
and static pressures are obtained from

pl1) = crurm) /g
and

p) = pfdlres (v + 11/ 0D)
(

and the HP problem is solved with the state variables ptn) and Hg, to obtain
Ssn). The SP problem is solved with the state variables psn and Ssn) to
obtain (N/A)g") and Mg"). The HP and SP problems are solved with successive
values of p%ﬁ) and pg") until

ERERNRE

nis assumes that the inlet spike position had been optimized.
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and
| 1 - (W/A)g(;")/(W/A)5| <€

When A% < Ag with the normal shock at the diffuser exit, it is implied that
subson1c combustion can not be sustained. The combustor exit conditions are
reevaluated based on supersonic combustion, and the nozzle throat calculation
is omitted.

The control of the duPont Jet Engine by varying the total fuel flow and/or
equivalence ratio is most easily understood by discussing the relationship of
the fuel flow with ejector performance. The effect of primary total pressure
on ejector pressure ratio for prescribed area mixing is shown gqualitatively in
Figure 43 for a fixed geometry engine. The curved lines AB, CE, and FH repre-
sent the ejector performance for fixed values of primary stream total pressure,
pt, and fuel flow, Wgp, with the secondary flow Mach number, M", varying from
zero on the extreme left to its maximum (subsonic) value on the locus of maxi-
mum theoretical entrainment ratios, BH. The primary stream total pressure and
the fuel flow increase along vertical lines while the over-all equivalence
ratio, ¢t’ remains constant along vertical lines and increases as the entrain-
ment ratio approaches zero. The sum of the primary and secondary flows
increases with increasing values of both the abscissa and ordinate.

A

1.0 1

Ht

Figure 43. - Qualitative results from prescribed area mixing analysis
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Solution B in Figure 43 assumes that the flow at station 1 (see Figure 40) was
maximized by determining maximum fuel flow and secondary Mach number corres-
ponding to a desired value of equivalence ratio as described in the discussion
in the ejector subsection above. If subsequent analyses showed that the total
flow corresponding to the solution at point B would pass through the inlet and
nozzle throats at stations 2 and 5, respectively, this point would represent
the ejector performance for the prescribed conditions. On the other hand, when
the total flow at B can not pass the inlet throat, either of the solutions at
points D' of D could be attained. Holding the fuel flow constant while
decreasing the secondary flow (increasing the equivalence ratio), the solution
at D' would be required to produce sonic flow in the inlet throat. In prac-
tice, the engine would automatically adjust to the solution at D' provided that
the fuel flow remained constant. However, the analytical performance model was
designed to determine engine performance based on fixed equivalence ratios so
that the solution at D is attained by reducing the fuel flow to produce sonic
flow in the inlet throat while holding the entrainment and equivalence ratios
constant. In the event that the total flow corresponding to the solutions at

D or D' can not pass the nozzle throat, either of the solutions at points G or
G' may be attained as descrtibed above to produce sonic flow at station 5.

Expansion nozzle. - The analytical performance model considers the expansion
nozzle to be continually adjustable so that the flow may be expanded to the
static pressure, pg, in the pressure field at all engine operating conditions.
The flow is expanded (or diffused) isentropically to p, based on frozen and/or
shifting equilibrium. The species concentrations may be frozen at any point in
the expansion process.

The mass flow per unit area at nozzle station z at which the species concentra-
tions are to be frozen is obtained from

(W/A)z = (W/A)s/(Az/As)

The initial estimate of the static pressure is obtained from the idea]-gis
relationships, and the SP problem is solved with the state variables p and
S, to obtain the static conditions at station z. The SP problem is iterated
with successive values of pg“ until

11 - ™ m), | < e

The flow is then expanded isentropically to the nozzle exit by solving the SP
problem with the state variables py and S, and the nozzle exit area is
obtained from

A6 = wu/(w/A)s
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Performance. - The engine performance is calculated at both gage and zero
pressure datum.

Gage pressure datum:
INLET TOTAL MOMENTUM = WoV,/g

GROSS THRUST = W, VgCv/g
Ac
ADDITIVE DRAG = f(p - po)dA
Ao

Zero pressure datum:
INLET TOTAL MOMENTUM = WoVg/9 + poAo

GROSS THRUST = W VeCy/g + Pohe

Ac

ADGITIVE DRAG = [(p - po)dA + po(Ac - Ap)
Ao

Engine performance:

NET THRUST = GROSS THRUST - INLET TOTAL MOMENTUM - ADDITIVE DRAG

LS

I, = NET THRUST/Mgy

P

Ct = NET THRUST/qq Ac
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Typical Heat Exchanger Analysis

A typical heat exchanger calculation at sea-level-static conditions is
reproduced below.

Basic equations. - The heat absorbed by the hydrogen must equal the heat
absorbed from the air to cool and liquefy it. The heat exchanger is analyzed
in two parts: a precooler and a condenser. The precooler cools the air from
free-stream total conditions to the temperature at which the oxygen will
liquefy at the pressure in the condenser. The condenser liquefies both the
oxygen and the nitrogen.

For the precooler:
[Ha(freestream-total) - Hy(precooler-out)]Ha/Wy,

= HHz(precooler-out) - HHz(condenser-ou;)

For the condenser:
0.24(w5/wH2)[Hoz(saturated-vapor) - Hoz(at-1iquid-nitrogen-temperature)]
+ 0.76(w;/wH2)[HNz(saturated-vapor) - HNz(liquid)]
= HHz(condenser-out) - HHz(pump-out)

The specific enthalpy of the hydrogen leaving the condenser is determined by
the necessary temperature difference between the air and hydrogen at this
point. This point is usually called the pinch point because the difference
between the air and the hydrogen is a minimum at this point in the heat ex-
changer. The allowable temperature difference is defined by the heat exchanger
effectiveness:

€ = [Ta(precooler-in) - Ta(precoo1er—out)]

/[Ta(precooler-in) - THz(condenser-out)]
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or since
T, (precooler-in) = Ty,
and

Ta(precooler-out) = Toz(saturated)
the hydrogen temperature may be obtained from

THz(condenser~out) = [Toz(saturated)]/e - [O-e)/elTy

The effectiveness in turn is a function of the heat exchanger geometry and
surface area, but is nearly constant for a given heat exchanger. The number of
thermal units, NTU, represents the surface area and its effectiveness. The
value corresponding to the duPont Jet Engine heat exchanger is 5.5. The heat
exchanger effectiveness was determined from Reference 4 to be equal to 0.97 for
the cross-counterflow arrangement used.

Computations. - The basic equations were solved for Wa/Wy, using the thermo-
dynamic data in References 13 through 17. The hydrogen para-to-ortho conver-
sion data were taken from Reference 13. A case for sea-level-static conditions
is solved below as an example:

Free-stream total temperature 519°R.
Free-stream total pressure 14,7 psi
Heat exchanger pressure drop 20%
Hydrogen pump outlet at 700 psi

with 70% impeller efficiency -66 Btu/1b
Condenser pressure 11.75 psi

Temperature for 0, liquefaction 158.3°R.
Temperature for N, liquefaction 135.7°R.
Using the effectiveness equation:
THZ(condenser-out) = 158.3/0.97 - 0.03 x 519/0.97
THz(condenser—out) = 147.0°R.

Hoz(saturated at 158.3) = 33.7 Btu/1b

Hoz(liquid at 135.7°R.) = -68.3 Btu/1b
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~ Hy, at 147°R. = 497.0 Btu/1b
[0.24 (33.7 + 68.3) + 0.76 (103.3 - 10.7)W,/Wy, = 497 + 66

Wy/My, = 5.94

From the precooler equation:
5.94 (124.0 - 37.7) = HHz(precoo1er—out) - 497

HHz(precoo1er‘out) = 1,009 Btu/1b

‘ THZ(Precoo1er-out) = 270°

The data presented in Figure 6 were calculated in the same manner as the
example above.
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